Modeling the Uranium-Silicon Phase Equilibria Based on Computational and Experimental Analysis by Ulrich, Tashiema Lixona
University of South Carolina 
Scholar Commons 
Theses and Dissertations 
Fall 2019 
Modeling the Uranium-Silicon Phase Equilibria Based on 
Computational and Experimental Analysis 
Tashiema Lixona Ulrich 
Follow this and additional works at: https://scholarcommons.sc.edu/etd 
 Part of the Nuclear Engineering Commons 
Recommended Citation 
Ulrich, T. L.(2019). Modeling the Uranium-Silicon Phase Equilibria Based on Computational and 
Experimental Analysis. (Doctoral dissertation). Retrieved from https://scholarcommons.sc.edu/etd/5515 
This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in 
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please 
contact dillarda@mailbox.sc.edu. 
Modeling the Uranium-Silicon Phase Equilibria Based on 




Tashiema Lixona Ulrich  
 
Bachelor of Science  
University of West Florida, 2015 
       
 
 
Submitted in Partial Fulfillment of the Requirements 
 




College of Engineering and Computing 
 






Theodore M. Besmann, Major Professor  
 
Travis W. Knight, Committee Member  
 
Jamil A. Khan, Committee Member  
 
Joshua T. White, Committee Member  
 
Jacob W. McMurray, Committee Member  
 
Cheryl L. Addy, Vice Provost and Dean of the Graduate School
ii 




 I dedicate this dissertation to my wonderful husband, Kenneth D. Ulrich.
iv 
Acknowledgements
First, I would like to express my deep sense of gratitude to my advisor, Dr. 
Theodore Besmann, who offered me the opportunity to be a graduate student at the 
University of South Carolina, and conduct research under his guidance. He is more than 
just an advisor to me. He is my ‘academic dad’, someone that I talked with about any life 
crisis. I sincerely thank him, not just for the countless hours spent discussing my work, 
but also for the life lessons and encouragement passed to me.  
I am grateful to Dr. Denise Lopes, Dr. Vancho Kocevski, and Dr. David 
Andersson for carrying out Molecular Dynamics simulations and Density Functional 
Theory calculations,  which are a central part of my thesis. I would like to extend a 
special thank you to Dr. Joshua White from Los Alamos National Laboratory for his 
continued support and mentoring after my summer position ended at the national lab, 
which means the world to me. He helped me focus on both the small details and the 
broader implications of my work. He continues to push me to go above and beyond in 
exploring the facets of material science and  never lets me get away with sloppy 
assumptions. I would also like to extend a sincere thank you to Dr. Sven Vogel. He 
initiated me into the world of crystallography and introduced me to bash  programming. 
Working with him has been an absolute privilege. Thank you to Dr. Emily Moore. 
Without her support I don’t think I would have gotten past my second year of graduate 
school. I am grateful to Dr. Elizabeth Sooby Wood. Due to her mentorship, I was able to 
conduct research at one of the  nation’s most  prestigious research facility and meet some 
v 
of the best and brightest minds. Finally, I would like to acknowledge my family for the 
emotional and mental support.  
This research was performed using funding received from the U.S. Department of 
Energy Office of Nuclear Energy's Nuclear Energy University Programs (NEUP). I was 





 As part of Accident tolerant fuel initiative, the uranium-silicide compound, U3Si2, 
is under consideration as a potential replacement for conventional uranium dioxide fuel. 
It is of interest as its higher uranium density of 11.3 g(U)/cm3 compared to 9.7 g(U)/cm3 
for UO2 may allow use of more robust, but less neutronically economical fuel cladding. 
The improved uranium content would not only accommodate the neutronic penalty 
inherent to certain accident tolerant cladding concepts but also facilitate improved reactor 
performance with the potential for longer fuel cycles.  
The U-Si system has been the subject of various studies that mainly focused on 
thermophysical properties, environment stability, fabrication methodologies, irradiation 
testing, electronic and mechanical properties, and fuel-cladding compatibility. Despite the 
large number of studies on the uranium-silicide system, there is concern regarding the 
accuracy and completeness of our understanding of the 40-66 at.% silicon region of phase 
diagram. Phase equilibria form the foundation upon which to explore fuel fabrication and 
fuel performance related properties. These include thermal properties, radiation damage 
effects, and fission product behavior. Therefore, a comprehensive understanding of U-Si 
phase equilibria and thermochemical behavior will be necessary to support licensing 
efforts should U3Si2 continue to be considered as alternative fuel form.   
The current U-Si phase diagram is characterized by seven intermetallic 
compounds (U3Si, U3Si2, USi, U3Si5, USi1.88, USi2, and USi3) of which only the U3Si 
compound is well understood. In this work, experimental techniques for thermal and 
 
vii 
compositional analysis, and crystal structure determination were coupled with 
computational predictions for the characterization of the six intermetallic compounds 
U3Si2, USi, U3Si5, USi1.88, USi2, USi3, and additional compounds between U3Si2, and 
USi2. Information such as phase transitions, homogeneity ranges, and crystal structures 
were used, along with critically assessed literature data, to construct a thermodynamic 
database describing the U-Si system utilizing the CALPHAD method. Some of the gaps 
in the understanding of the U-Si system that were filled based on the results of this work 
include the homogeneity range for the U3Si2 and U3Si5 compounds; the phase stability of 
U5Si4 and U2Si3; the crystal structure of the monosilicide, USi; and finally, the nature of 
the 450°C phase transition observed in the U3Si5 phase. 
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There is an ever growing need to generate larger amounts of energy without 
causing the harmful environmental effects of CO2 production. Domestically, demand for 
electricity is expected to grow at roughly one percent per year through 2050 [1]. Nuclear 
power has proven to be a reliable, environmentally sustainable, and cost-effective source 
of large-scale electricity without CO2 production. Currently, the existing U.S. nuclear 
reactor fleet utilizes light water reactors (LWR) with uranium dioxide (UO2) pellets 
enclosed in zirconium alloy cladding to provide approximately 55 percent of the nation's 
clean energy [1]. Though Figure 1.1 displays modeled projections from the US 
Department of Energy (DOE) with natural gas increasing drastically, the current political 
climate and concern over climate change puts all CO2 producing fuels at risk for further 
regulation. Addressing the public’s concerns regarding nuclear accidents and waste 
disposal is vital for acceptance for growing nuclear power production as a viable 
alternative to natural gas and coal. 
 




Continuous improvement of technology, including advanced materials and 
nuclear fuels, remains central to the industry’s success.  Decades of research combined 
with continual operation have produced steady advancements in technology and have 
yielded an extensive base of data, experience, and knowledge on light water reactor 
(LWR) fuel performance under both normal and accident conditions. Enhancing the 
accident tolerance of LWRs became a topic of serious discussion following the 2011 
nuclear accident at Fukushima Daiichi, Japan. 
1.1. Accident Tolerant Fuel 
In March 2011 a magnitude 9.0 earthquake struck off the coast of Japan that 
caused a tsunami with 30-foot waves that flooded the backup power generators at the 
Fukushima Daiichi nuclear power plant resulting in a loss of power to the coolant 
systems that led to high temperatures, oxidation of Zr alloys, hydrogen production, 
melted fuel, and hydrogen explosions at three of the reactors [2]. Many people were 
evacuated from their homes and the clean-up is costing billions of dollars. 
This accident was the impetus behind the world’s renewed interest in alternative 
fuel concepts with enhanced accident tolerance and the ability to tolerate loss of active 
cooling in the reactor core for a considerably longer period of time during design-basis 
and beyond design-basis events [3-9]. In the United States, the Department of Energy’s 
Office of Nuclear Energy (DOE-NE) initiated the accident tolerant fuel (ATF) 
development program, within the Advanced Fuels Campaign (AFC), to identify 
alternative fuel technologies to further enhance the safety and competitiveness of 
commercial nuclear power [10]. The AFC has outlined a set of metrics to be used as a 




requirements for the fuel translate into increased thermal conductivity, structural stability, 
decreased susceptibility to oxidation, and compatibility with any new cladding types that 
provide benefits to meet the project goals. Among all of the ATF candidates, the uranium 
silicide fuel, U3Si2, is the most promising replacement for UO2 and for which test rods 
were the first to be installed in a commercial reactor, the Exelon’s Byron Unit 2 nuclear 
power plant in Ogle County, Illinois [13-15]. 
The U3Si2 compound has been the subject of various studies detailing 
thermophysical properties [16-19] and a compendium of these results, as well as 
electrical and mechanical properties, can be found in the U3Si2 handbook published by 
Los Alamos National Laboratory (LANL) [20]. With respect to phase equilibria and 
thermodynamic properties, the uranium-silicide system has been assessed by Berche et 
al. [20] and Wang et al. [21], however there is concern regarding the accuracy and 
completeness of the phase diagram [20-28]. Companion compositions to U3Si2 require 
further study for a fuller understanding of compositional changes expected to occur in 
silicide fuel during reactor operation. These include compositions in the range of the USi 
and U3Si5 phases which lie within the 40-66 at.% silicon region of the phase diagram and 
can be considered as potential high burn-up phases. Questions remain concerning phase 
transitions, homogeneity ranges, crystal structures, and new phases. As such, further 
experimental efforts have been suggested [20-24]. The phase equilibria form the 
foundation upon which to explore fuel fabrication and fuel performance related 
properties. These include thermal conductivity, heat capacity, radiation damage effects, 




 1.2. Objective and Approach 
The work done in this thesis contributes to the project: Phase Equilibria and 
Thermochemistry of Advance Fuel: Modelling Burnup Behavior. A DOE Nuclear Energy 
University Program (NEUP) project that is done in collaboration with the University of 
South Carolina, Oak Ridge National Laboratory (ORNL), Los Alamos National 
Laboratory (LANL), and Westinghouse Electric Corporation (WEC). The goal of the 
NEUP project is to assist in the development of ATF by 1) perform an assessment of the 
U-Si and U-Si-N fuel phase equilibria and development of a thermodynamic database for 
the fuel systems. 2) Thermochemical assessment of the interactions of fuel with selected 
AFT cladding candidates. 3) Assessment of fuel with selected fission products. 
The aim of this work is to develop a self-consistent thermodynamic database for 
the uranium-silicon system that can be used to predict silicide fuel behavior during 
normal or off-normal reactor operations, optimize fuel fabrication processes, and support 
licensing efforts.  
The objectives of this work are three-fold: 
 Elucidate the 40-66 at. % Si region of the U-Si system for the phases, phase 
transitions, homogeneity ranges, and crystal structures. 
 Optimize the U-Si system by CALculation of PHAse Diagram (CALPHAD) 
method using the data from part 1, and critically assessed data in the literature. 
 Build and validate a thermodynamic database. 
1.3. Thesis Structure 
The structure of the thesis is as follows: 




diagram, thermochemistry, and crystal structure will be presented and critically analyzed. 
• Chapter 3 is a manuscript on the U3Si2 phase detailing its crystal structure 
properties as a function of temperature, point defect formation and non-stoichiometry. 
• Chapter 4 deals with the phase stability of the U5Si4 and U2Si3 phases from an 
experimental and computational point of view. It also covers the crystal structure of the 
uranium monosilicide phase based on high temperature neutron diffraction 
measurements. 
• The phase stability, phase transition, and crystal structure of the phases in the 
USi2-x region from experimental and computational investigation are presented in Chapter 
5. 
• In chapter 6, the optimization of the U-Si system is presented, and the calculated 
results are compared to experimental data. 










The uranium-silicon system has always been of technological importance to the 
nuclear community. Historically, different silicide phases have been utilized as high-
density fuel for research reactors [29-30]. Most familiar are U3Si and U3Si2; their high 
uranium densities have made them an intriguing choice for incorporation into composite 
plate fuels in research reactors and other low power core redesigns where retained 
neutronic performance at lower enrichment levels was desired [31]. This increased 
uranium density, compared with uranium dioxide (UO2), has made them attractive to a 
new generation of researchers driven by the need to develop accident tolerant light water 
reactor (LWR) fuels. A complete understanding of the phase equilibria is critical to its 
use and development as a commercial nuclear fuel. 
2.1. Uranium-Silicon Phase Diagram
The first compositional diagram for the uranium-silicon system was based on 
studies performed by Kafumann, Cullity, Bitsianes, Gordon, Cohen and Bastian at the 
Massachusetts Institute of Technology [32]. The original phases reported were U10Si3, 
U5Si3, USi, U2Si3, USi2, and USi3 [33]. 
The original compositional diagram was further refined with additional research. 
In 1949, Zachariasen [34] reported that some of the original compounds were incorrectly 
identified; U10Si3 was actually U3Si, U5Si3 was U3Si2, and U2Si3 (β-USi2) was an 
isostructural form of USi2 (α-USi2). Later, in 1957, Kafumann et al. [35] published the 
phase diagram shown in Figure 2.1, which contains the compounds U3Si (ε), U3Si2 (δ), 
USi (ζ), U2Si3 (η), USi2 (θ) and USi3 (ι). They claimed that the ε phase has a very narrow 




also reported that the α-USi2 phase did not transform at high temperature to β-USi2 and 
showed the compound U2Si3 in its place.
 
Figure 2.1. The first accepted U-Si phase diagram [35]. 
Kaufmann et al. [35] reported the following: 
• U3Si forms at 930 °C through the peritectic reaction between U3Si2 and γ-
uranium-silicon solid solution.  
• A eutectic exists between γ-uranium and U3Si2 at 9 at. % Si and a temperature of 
985°C.  
• The compound U3Si2 congruently melts at 1665 °C.  
• The USi compound incongruently melts at 1575 °C and there is a eutectic 
between U3Si2 and USi at 1570 °C.  
• The U2Si3 compound incongruently melts at 1610 °C and the USi2 compound is 
reported to melt congruently at approximetly1700 °C.  




• There is a eutectic at 87 at.% Si between USi3 and silicon at 1315 °C. 
• There was appreciable solid solubility of silicon in uranium. 
The phase diagram that is most referenced is shown in Figure 2.2. It was 
published in 1990 in ASM international [36] and includes seven intermetallic phases, 
U3Si, U3Si2, USi, U3Si5, USi1.88, USi2, and USi3. The 0-50 at.% Si region remained as 
previously reported by Kaufmann et al. [35] except for the temperature where the eutectic 
reaction occurs between U3Si2 and USi. The phase identified as U2Si3 by Kaufmann (or β-
USi2 by Zachariasen [34]) is represented as U3Si5. In 1959 Brown and Norreys [37] 
reported that the U2Si3 phase was in fact a modification of the α-USi2 compound; 
however, the composition was located between 62-63 at.% silicon (U3Si5). Brown and 
Norreys [38] also reported that the phase considered as α-USi2 is actually USi1.88, 
forming at 65 at.% silicon and has high melt point. They further claimed that the 
compound at exact 1:2 stoichiometry does not exist above 450 °C.  
 




In an attempt to elucidate the controversy regarding the phases between the 40 
to70 at. % silicon region of the U-Si system, Vaugoyeau et al. [39] reexamined the 
system within this region. They [39] confirmed the existence of compounds USi, U3Si5, 
U3Si2 and USi1.88. They reported that: 
• The USi phase forms at 1580±10 °C from a peritectic reaction between liquid and 
U3Si5.  
• The temperature of the eutectic reaction between USi and U3Si2 was 1540 ± 10 
°C, which is approximately 20 °C lower than that reported by Kaufmann et al. [35].  
• The melting of U3Si5 occurred congruently at 1770 ± 10 °C instead of 
incongruently at 1610 °C.  
• The USi1.88, reported by Brown and Norreys [37] forms through a peritectic 
reaction between liquid and U3Si5 at 1710 ± 10 °C.  
• The stoichiometric USi2 compound was not observed by Vaugoyeau et al. [39]. 
Additional research since the publication of the phase diagram in Figure 2.2 
shows the need for updates. The U3Si phase was reported to undergo an allotropic 
transition at 770 °C [40]. A new phase, U5Si4, was reported by Noel et al. [41] and 
Berche et al. [21] claimed that the phase is formed through a peritectic reaction between 
the liquid phase and U3Si2 at 1567± 10 °C and participates in the eutectic reaction 
between the liquid phase and the USi phase at 1547± 10 °C. The stoichiometric USi2 
phase was reported as metastable [25,26,40,42] and the U3Si5, U3Si2, and USi1.88 phases 
were each reported to have a narrow composition range [40]. A phase transition at 450 °C 




A thermodynamic assessment of the U-Si system was done 2009 by Berche et al. 
[21] and again in 2016 by Wang el al. [22]. In their assessment, Berche et al. [21] did not 
consider the U3Si allotropic phase transition, the low temperature USi2 phase, the 
solubility of uranium in silicon, nor did they consider the U5Si4 phase even though they 
claimed that the phase was in equilibrium. The diagram shown in Figure 2.3 was 
generated by Wang et al. [22] using the CALPHAD method and compared to all the 
literature data through 2016. Although Wang et al. [22] included the properties neglected 
by Berche et al [21], they believe that more experimental work is needed for the U5Si4 
phase. Both   assessments were in good agreement with each other and experimental data. 
 
Figure 2.3. Critically assessed U-Si phase diagram by Wang et al. [22]. 
2.2. Crystallography
Table 2.1 summarizes the available literature on crystal structure properties 
including the structure types, space groups, prototypes, lattice parameters for the various 
uranium silicide phases. 




correct; but, the assignment of the uranium and silicon lattice sites was incorrect. The 
revised crystal structure is shown in Figure 2.4(b). The base layer contains all uranium 
atoms, the next layer is half uranium and half silicon, and the sequence repeats. No close 
Si-Si bonding occurs; only U-U and U-Si bonds are present. Kimmel et al. [36] have also 
reported that the tetragonal structure undergoes an orthorhombic distortion at -153 °C 
(Figure 2.4(a)). Dwight reported that the tetragonal U3Si transforms to a cubic Cu3Au-
type structure at 765°C (Figure 2.4(c)). Thus, the succession of phase changes on cooling 
is cubic to tetragonal to orthorhombic.
 
Figure 2.4. The crystal structures for U3Si phases. The Fmmm structure (a) forms at -
153°C, the I4/mmm structure (b) transforms to the Pm-3m structure (c) at 770 °C [34, 40, 
46].
The U3Si2 compound has a primitive tetragonal structure (Figure 2.5) that is a 
prototype for ternary rare earth stannides and indides [51]. While all published 
experimental data are in agreement with the early work of Zachariasen [34], DFT 
calculations fail to predict the experimental P4/mbm as the most stable structure [25]. 
The U5Si4 phase (Figure 2.6) reported in 1998 by Noel et al. [41] has a hexagonal 
unit cell (P6/mmm space group) with lattice parameters a=10.468 Å and c=3.912 Å and is 





Figure 2.5. Crystal structure of U3Si2 [34].
 
Figure 2.6. Crystal structure of the U5Si4 phase [41].
The crystal structure of the equiatomic compound, USi, is the most controversial 
of the binary silicides (Figure 2.7). The compound was reported by Zachariasen [34] to 




taken on a powder sample. In later work, Bihan et al. [48] reported that pure USi has a 
tetragonal structure with an I4/mmm space group as determined from a Weissenberg 
pattern on a small single crystal. They further state that the orthorhombic structure by 
found by Zachariasen [34] is stabilized by 0.5-1.0 wt.% oxygen. Remschnig et al. [26] 
and Noordhoek et al. [25] also reported an orthorhombic structure; however, both differ 
from the work of Zachariasen [34] and each other as the structure by Remschnig et al. 
[26] has a Pnma space group while the one by Noordhoek et al. [25] has an Imma Space 
group.
 
Figure 2.7. The reported possible crystal structures of USi [25, 26, 34, 48]. 
The compound U3Si5 is hexagonal, hP3, A1B2-type, with U atoms in the la sites 
and Si atoms partially filling the 2d sites; other 2d sites are vacant. Figure 2.8(a) shows 
U3Si5’s crystal structure which undergoes an orthorhombic distortion when slightly rich 
in Si (63 at.% Si) to form the structure pictured in Figure 2.8(b) [26]. 
The USi1.88 phase is a tetragonal ThSi2-type with U atoms in the 4a site and Si 




compounds and experiences an orthorhombic distortion when slightly silicon poor (64% 
at.% Si) [26]. Additionally, some of the Si sites are vacant.  
The compound USi2 with exact 1:2 stoichiometry has all silicon sites occupied 
and exists in one of two structures. It is either AlB2 or ThSi2 (Fig 2.10). 
The silicon-rich compound USi3 has the cubic Cu3Au-type structure, as shown in 
Figure 2.11. 
 
Figure 2.8. Crystal structures of U3Si5. The hexagonal, P6/mmm structure (a) is said to 
undergo an orthorhombic distortion producing the Pmmm structure in (b) [26]. 
 
Figure 2.9. Crystal structures of USi1.88. The tetragonal structure (a) undergo an 





Figure 2.10. The USi2 crystal structures. The compound is either of the A1B2 (a) or ThSi2 
(b) structure types [38]. 
 










Prototype Lattice parameters (Å) Ref. 





































































































































o1-U3Si5 (at 63 at. % Si) 



















USi2-z (at 64 at. % Si) 









































































































































































































































2.3. Thermodynamic Values 
The tabulated enthalpies of formation and heat capacities for various U-Si phases 
are provided in Tables (2.2) and (2.3).  
The enthalpies of formation of  USi3, USi2, USi and U3Si2 were measured as -
33.05, -43.51, 40.17 and -33.89 kJ mol-1 by Gross et al. [53] by measuring the heats 
evolved in the direct combination of the elements. The enthalpies of formation for USi3, 
USi2, and USi were verified by measuring the heats of reaction of tellurium with the 
preformed compounds and comparing them with those obtained from reacting equivalent 
quantities of the uncombined elements with tellurium. The enthalpy of formation for 
USi3, USi2, and USi were measured as -32.22, -42.69, and -43.52 kJ mol -1, respectively 
[53]. Alcock and Grieveson [54] measured silicon vapor pressure above the mixtures 
USi–U3Si5, U3Si5–USi2, USi2–USi3 and USi3–Si from the weight loss of a Knudsen cell. 
From these measurements, the Gibbs energy of U3Si5, USi2 and USi3 were directly 
derived. Activities of uranium and silicon for the U–U3Si2 mixture were determined from 
the chemical analysis of the condensate formed from the vapor effusing from the cell. In 
case of small values of uranium activity, for the U3Si2–USi mixture, a solid/liquid 
equilibration method using liquid gold–uranium alloys was used. The Gibbs energy of 
formation of the compounds was derived from the silicon and uranium activity 
measurements. The results reported by Gross et al. [53] and Alcock and Grieveson [54] 
are in good agreement. O’Hare et al. [55] reported the enthalpy of formation of U3Si as -
26.05 ± 4.8 kJ mol-atom-1 using fluorine bomb calorimetry. The enthalpy of formation 
for U3Si5 and the tetragonal USi were measure as -43.8 ± 9.0 and -43.2 ± 6.2 kJ mol -1 for 




USi and U3Si5 were investigated by White et al. [16, 57-59]. There are no experimental 
efforts reported for obtaining the thermodynamic properties of the liquid phase.  
Table 2.2. Enthalpy of formation for various U-Si phases. 
Phase ∆Hf (kJ/mol-atom) 298K Method References 
USi3 -33.02 ± 0.13 
-32.19 ± 0.84 














USi2 -43.47 ± 0.42 
-42.64 ± 1.25 
























USi -40.13 ± 0.84 
-43.47 ± 1.67 
-41.8 ± 4.18 
-42.22 
-41.18 















U3Si2 -33.2 ± 3.1 
-33.86 ± 0.42 
-35.95 ± 3.34 
-34.11 
-34.32 


























Table 2.3. Heat capacity data for U3Si, USi, U3Si2 and U3Si5. 
U3Si5 U3Si U3Si2 USi 
T (K) Cp 
 (J mol-1K-1) 
T (K) Cp 
 (J mol-1K-1) 
T (K) Cp  
(J mol-1K-1) 
T (K) Cp  
(J mol-1K-1) 
298 204.3 299 104.4 320 187.0 298 215.4 
325 204.8 425 113.1 376 194.7 376 214.8 
376 205.7 476 116.0 476 199.5 476 223.7 
426 206.6 526 118.5 575 200.3 576 228.4 
525 208.4 575 120.9 675 202.9 675 233.0 
575 209.3 625 123.3 775 208.8 775 237.1 
595 209.6 675 125.5 874 211.4 874 241.5 
615 210.0 725 127.7 974 217.7 974 247.3 
625 210.2 775 129.9 1074 217.2 1074 249.5 
635 210.4 824 132.1 1174 213.5 1174 253.6 
655 210.7 874 134.2 1274 225.8 1274 260.1 
672 211.0 924 136.3 1374 229.1 1374 264.7 
675 211.1 974 138.4 1474 232.5 1474 269.2 
675 218.0 994 139.3 1574 235.8 1574 273.8 
725 219.2 999 139.5 1674 239.2 1675 278.4 
775 220.3 1004 139.7 1775 242.6   
825 220.7 1009 139.9     
874 223.4 1014 140.1     
924 222.9 1019 140.3     
974 224.3 1024 140.5     
1024 224.0 1029 140.7     
1074 222.6 1034 140.9     
1124 223.9 1039 134.0     
1174 223.8 1044 134.0     
1224 227.8 1049 134.0     
1274 225.6 1053 134.0     
1324 225.9 1063 134.0     
1374 226.3 1073 134.0     
1424 226.7 1083 134.0     
1474 227.1 1095 134.0     
1524 227.4 1123 134.0     
1574 227.8 1175 134.0     
1624 228.2       
1674 228.5       
1724 228.9       
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The U-Si system is actively undergoing studies due to its promise as a component 
of an accident tolerant nuclear fuel. At Los Alamos Neutron Science Center (LANSCE) 
the crystal structure of the U3Si2 compound in the U-Si system was investigated as a 
function of temperature from room temperature to 1373 K using high temperature time-
of-flight neutron diffraction on the High-Pressure Preferred Orientation (HIPPO) 
diffractometer. The simultaneous Rietveld refinement of five histograms from the five 
HIPPO detector backs (40°, 60°, 90°, 120°, and 145°) provided datasets for the lattice 
parameters, anisotropic atomic displacement parameters, and atomic positions as a 
function of temperature. To explore the possibility of a homogeneity range, two sample 
compositions were analyzed, stoichiometric U3Si2.00 and a potentially hyperstoichiometric 
U3Si2.01. While minor differences in the anisotropic atomic displacement parameters 
between the two samples were observed, over the entire investigated temperature range 
no additional phases were found. However, the differences in the thermal expansion 
behavior that were identified between the two compositions warrant future investigation.  
Density Functional Theory (DFT) calculations were used to predict the uranium 
and silicon point defect (including vacancy, interstitial, and U antisite) concentrations in 
U3Si2+x. A low defect formation energy and a high entropy for Si interstitials give rise to 
Si-rich non-stoichiometry at elevated temperatures. The enthalpy of formation along with 
the entropy of each point defect were used to calculate the non-stoichiometry in U3Si2. 
3.2. Introduction
Accident tolerant fuel is vital to improve safety in light water reactors (LWRs). 




Korea [4], Sweden [5], the United Kingdom [6] and the United States [7, 8]. Compounds 
that increase both uranium atom density and thermal conductivity over the current 
common fuel, UO2, together with a high melting temperature and resistance to steam and 
water are prime accident tolerant fuel candidates. Pursuit of fuel concepts with increased 
uranium atom density, compared to uranium dioxide, is motivated by many cladding 
concepts that offer improved oxidation resistance but suffer from higher neutron 
absorption cross sections in comparison to zirconium alloys.  
Improved uranium content would not only accommodate the neutronic penalty 
inherent to certain accident tolerant cladding concepts but would also improve reactor 
performance. The higher thermal conductivity decreases the temperature gradient 
between the fuel centerline and the outer surface of the fuel pellet reducing thermally 
induced stresses that lead to cracking. Higher thermal conductivity also reduces the 
overall temperature of the pellet which lowers diffusion, retards species transport, and 
decreases in-pile restructuring associated with higher temperatures [60-62]. Increased 
uranium content also allows for extended cycle lengths or increased heat generation at a 
fixed enrichment. 
The uranium atom density of the higher uranium content silicides (U3Si2 and 
U3Si) make them attractive candidates from both an economic and safety perspective [58, 
16]. Undesirable swelling behavior of U3Si under irradiation and its rapid amorphization 
at low temperature makes it an unacceptable accident tolerant fuel candidate [60]. The 
U3Si2 phase, however, has a higher resistance to irradiation-induced macroscopic 
swelling and amorphization when tested under reactor operating temperatures and 




Understanding the U3Si2 crystal structure is important as it influences fuel 
properties such as fission product transport [66], thermal expansion anisotropy, defect 
behavior, radiation damage, and fuel-cladding interactions, among others. The U3Si2 
compound possesses a tetragonal unit cell with space group P4/mbm. The crystal 
structure and phase stability of U3Si2 were confirmed by room temperature X-ray 
diffraction on arc-melted and annealed U3Si2 samples [26, 68, 69] and room temperature 
neutron diffraction on irradiated U3Si2 [60, 61, 70]. However, more recently, Obbard et 
al. [71] conducted the first high temperature neutron diffraction study to 1873 K and 
reported a new crystal structure with P4/mmm space group above 1273 K. While the data 
quality did not allow for determination of crystallographic parameters, the reflections 
above 1273 K, the reduction in peak intensities for P4/mbm and a diverging coefficient of 
thermal expansion support the assertion of a new structure. Obbard et al. [71] reported 
that above 1000 K the coefficient of thermal expansion of U3Si2 began decreasing, which 
agrees with observations by White et al. [16], who studied the thermal expansion of U3Si2 
by dilatometry up to 1673 K, and reported a constant coefficient of thermal expansion 
below ~1000 K.  
Although a new crystal structure is a reasonable explanation for the above 
observations another possible explanation is a change in the defect concentration  close to 
1000 K. As uranium and silicon atoms create ordered vacancies and/or interstitials, new 
diffraction reflections and deviation in thermal expansion can be observed.  Middleburgh 
et al. [72] utilized density functional theory (DFT) and thermochemical analysis to assess 
the stability of U3Si2 with respect to non-stoichiometry. They predicted: 1) U3Si2 contains 




compound at room temperature, with excess Si forming Si-rich precipitates, and 3) above 
1000 K there is a homogeneity range bounded by U3Si1.97  and U3Si2.03.  
The Middleburgh et al. [72] predictions lend credence to the argument that 
deviations in thermal expansion and new reflections are due to defect formation. The 
same study  [72], however, only relied on calculated defect enthalpies to assess the non-
stoichiometry of U3Si2+x as function of temperature. Andersson et al. [66] expanded the 
effort to include defect formation entropies in the analysis and they predicted even higher 
Si-excess non-stoichiometry across a wide temperature range. For example, at 1250 K the 
non-stoichiometry was predicted to be as high as U3Si2.1, although some care should be 
applied to the interpretation of the exact value since their analysis acknowledged reduced 
accuracy for such high defect concentrations. The validation of these extensive 
theoretical studies motivates the current experimental work.  
This study provides crystallographic information about the U3Si2 phase 
from investigating its crystal structure up to 1373 K using high temperature time-of-flight 
neutron diffraction. The proposed U3Si2 phase range has been verified, thermal expansion 
anisotropy was assessed, and the absolute bond lengths, the absolute lattice parameters 
and atomic displacement parameters were quantified. The potential hyperstoichiometry of 
U3Si2 was evaluated based on the formation energy and concentration of each point 
defect, in three different environments: 1) Si-rich environment, with excess Si from USi; 





3.3. Experimental and Computational Methodology 
3.3.1. Sample Fabrication
Specimens of U3Si2 (with compositions U/Si = 3/2.00161 and U/Si = 3/2.00834) 
were synthesized by arc-melting the constitutive metals of depleted uranium (<0.2 atom 
% 235U, rest 238U) and 99.999% pure silicon (Cerac Inc., Milwaukee, Wisconsin ) in a tri-
arc system (5TA Reed Tri-Arc, Centorr Vacuum Industries, USA) as described by White 
et al.[11]. The difference between the initial and final mass of each sample was used to 
determine its composition to within 0.01 mg. For the composition, U/Si = 3/2.00161, the 
initial and final mass of the ingot was measured as 5.22917 g and 5.22300 g respectively, 
having a mass change of 6.17 mg. For the composition, U/Si = 3/2.00834, the initial and 
final mass of the ingot was measured as 5.41160 g and 5.40807 g respectively, having a 
mass change of 3.53 mg. Assuming mass loss occurred because of  Si volatilization, the 
change in Si stoichiometry was 0.00065 and 0.00303 for U/Si = 3/2.00161 and U/Si = 
3/2.00834, respectively. The U/Si = 3/2.00161 composition will be referred to as U3Si2.00 
and the U/Si = 3/2.00834 composition will be referred to as U3Si2.01 throughout the rest of 
this chapter. 
Since uranium metal readily oxidizes, necessary precautions were taken to 
minimize oxygen exposure during arc melting. A copper getter was used to reduce the O2 
level from 10 ppm to 10-12 ppm in argon gas stream that flowed through the arc melter 
prior to melting depleted uranium and silicon. We used titanium as an additional getter 
during arc melting to further remove oxygen impurities. Arc melting was done inside a 




melting by oxygen sensors (Rapidox 3100 OEM, Cambridge Sensotec, UK) at the inlet 
and outlet of the tri-arc system.  
Powder samples for neutron diffraction were prepared by crushing ~5 g ingot of 
U3Si2 using a mortar and pestle and sieved between a -200 and -325 mesh. Immediately 
after crushing, samples were placed in a W-mesh metal furnace and annealed at 1523 K 
for 20 hours in gettered argon atmosphere, limiting sample exposure to oxygen. 
Powdered samples were processed within an argon glove box line maintained below 30 
ppm O2. Samples were directly loaded into vanadium sample containers immediately 
following annealing.
3.3.2. Neutron Diffraction Data Acquisition
A schematic of the High Pressure-Preferred Orientation (HIPPO) neutron time-of-
flight diffractometer used in this study is provided in Figure 3.1. HIPPO has 1,200 3He 
detector tubes mounted on 45 detector panels, which are arranged on five rings at 40° 
(lowest resolution), 60°, 90° (medium resolution), 120° and 145° (highest resolution) 
nominal diffraction angles, covering 22.4% of the sphere around the sample to detect the 
fraction of the ~2×107 n/s/cm2 incident neutron intensity at 100 μA proton current 
scattered by the sample [74-78]. An ILL-type (developed at the Institute Laue-Langevin 
in Grenoble specifically for neutron diffraction) vacuum furnace with vanadium heating 
elements and heat shields and operated at a vacuum pressure of <10-6 Torr was used 
inside the HIPPO sample chamber for high temperature measurements. 
Vanadium was used as sample container and furnace heating elements and heat 
shields as it has a negligible coherent scattering cross-section of 0.0184 barns (coherent 




(2.163 barns, b=4.1491 fm, all cross-sections from Sears, 1992) and therefore contributes 
negligible reflections in diffraction patterns. Also, there is no interaction between U3Si2 
and vanadium at the temperatures of interest. In their experiments, Obbard et al. [71], 
used Al2O3 as sample container and furnace, which obscured the U3Si2 reflection peaks.  
 
Figure 3.1. Schematic of the High-Pressure Preferred Orientation (HIPPO) time of flight 
neutron diffractometer.
Listed in Table 3.1 are the temperatures at which time-of-flight neutron 
diffraction data were recorded.  Neutron diffraction measurements were recorded every 
200 K as the temperature increased from room temperature to 1198 K, then every 25 K 
from 1198 K to final temperature (1323 K and 1373 K for U3Si2.00 and U3Si2.01 
respectively). The acquisition time per temperature dwell point was equivalent to 120 
minutes at a proton current of 100 µA. For the U3Si2.01 sample, diffraction measurements 
were also recorded every 200 K as the sampled cooled to 298 K, which allowed for 




Utilizing a robotic sampler, long count time neutron data were collected to detect 
possible U-Si precipitates at low concentration (0.1-0.2 wt. %) approximately one year 
after collecting high temperature measurements [78]. The data were collected for ~9 
hours and ~12 hours at room temperature for U3Si2.00 and U3Si2.01, respectively. These 
data are referred to as the high-quality data .
Table 3.1. Time-of-flight neutron diffraction data collection temperatures. 
Temperature [K] U3Si2.00 U3Si2.01 
298a Heating Heating 
373 Heating Heating 
473  Cooling 
573 Heating Heating 
673  Cooling 
773 Heating Heating 
873  Cooling 
973 Heating Heating 
1073  Cooling 
1198 Heating Heating 
1223 Heating Heating 
1248 Heating Heating 
1273 Heating Heating and Cooling 
1298 Heating Heating 
1323  Heating 
1348  Heating 
1373  Heating 
a Following the high temperature measurements, a series of measurements with longer 
acquisition times were recorded.
3.3.3. Neutron Diffraction Data Processing
Neutron diffraction data were subjected to Rietveld analysis to refine the 
crystallographic structure. Rietveld analysis was performed using GSAS [79] with scripts 
written in gsaslanguage [80] to ensure that all datasets (data from both samples at each 
temperature) were refined with the identical data analysis strategy. Each room 
temperature dataset was refined starting from the U3Si2 crystal structure reported by 




P4/mbm with all sites fully occupied and no additional Si sites. The vanadium crystal 
structure was introduced into the refinement of the high quality data to account for the 
weak signal from the sample container. Time-of-flight profile function #1 in GSAS was 
used and all five histograms (40°, 60°, 90°, 120° and 145° nominal diffraction angle) 
were refined simultaneously with a d-spacing range of 0.5 Å to 3.5 Å, including 
approximately 635 reflections.  
Refined parameters included 12 background parameters per histogram (GSAS 
background function type 1), diffractometer constants DIFC (conversion from time-of-
flight to d-spacing) for all histograms except for the highest resolution 145° 
backscattering detector bank (essentially adjusting the sample position), lattice 
parameters, isotropic atomic displacement parameters, atomic position parameters, one 
absorption parameter per histogram, and the peak width parameter σ1 of the peak profile 
function #1 in GSAS. After the refinement of these parameters, the isotropic thermal 
motion parameters were converted to anisotropic thermal motion parameters and their 
values were refined together with all other parameters. The room temperature refinement 
with fixed diffractometer constants (essentially accounting for slight sample 
misalignment relative to the calibrated sample position) and absorption values were used 
as a starting point for all high temperature refinements. The maximum number of refined 
parameters was 91 for the room temperature runs and 82 for the high temperature runs 
(not including phase scale, lattice parameter and thermal motion parameter refined for the 
vanadium phase in the long runs).  
GSAS routines were utilized to compute absolute bond lengths from the absolute 




Fourier maps generated by GSAS after refinement were visualized using the VESTA 
package [81]. The absolute lattice parameters were used to quantify the coefficients of 
thermal expansion (CTEs) as a function of temperature using the Thermal Expansion 
Visualization (TEV) program [75]. Using TEV, second order polynomial fits were 
applied to the error-weighted lattice parameters vs. temperature. These polynomials and 
their derivatives were used to generate the 2nd order tensor describing the anisotropic 
thermal expansion.
3.3.4. DFT Calculations of Defect Entropies and Entropies 
The DFT calculations performed for this work followed the well-established 
methodology for the modeling of U3Si2 [23, 25, 27, 66, 81-84]. DFT calculations were 
performed with the Vienna Ab Initio Simulation (VASP) package [85-89]. The exchange 
and correlation interactions are accounted for using the generalized gradient 
approximation (GGA) as parametrized by Perdew-Burke-Ernzerhof (PBE) [90-92]. A 
2x2x3 supercell (120 atoms) expansion of the U3Si2 unit cell was used to calculate the 
thermodynamic and kinetic properties for defect formation.  
The point defect concentration (per U3Si2 unit cell) is expressed as: 
𝐶𝐶𝐴𝐴𝐵𝐵 =  𝑍𝑍𝐴𝐴𝐵𝐵 exp �
𝐹𝐹𝐴𝐴𝐵𝐵,𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇
�         (3.1) 
where A denotes the defect type (vacancy, interstitial or anti-site) and B denotes the 
species involved (U or Si), while ZAB is the site multiplicity, T is the temperature, and kB 
the Boltzmann constant. The corresponding site fractions (yAB) and the fraction of AB 
with respect to the total amount of B(uAв) can be derived from CAв. Vibrational defect 
entropies were calculated from the normal mode phonon frequencies following the 




At temperatures higher than the Debye temperature, the entropy of crystalline 
solids can be approximated as: 
𝑆𝑆 =  −𝑘𝑘𝐵𝐵  ∑ ln �
ℎ𝜐𝜐𝑛𝑛
𝑘𝑘𝐵𝐵𝑇𝑇
� + (3𝑁𝑁 − 3)𝑘𝑘𝐵𝐵3𝑁𝑁−3𝑛𝑛=1       (3.2) 
N is the number of atoms in the crystal, kB is the Boltzmann constant, T is the 
temperature, and υn is the normal vibrational frequency of the crystal. The free energy (F) 
is calculated from the energy (E) and entropy (S) according to  
𝐹𝐹 = 𝐸𝐸 − 𝑇𝑇𝑆𝑆          (3.3) 
The defect formation energy for vacancies and interstitial is obtained from supercell 
calculations according to: 
𝐸𝐸𝐴𝐴𝐵𝐵,𝑓𝑓 = 𝐸𝐸(𝐴𝐴𝐵𝐵 ,𝑁𝑁 ± 1) ∓ 𝑒𝑒𝐵𝐵 − 𝐸𝐸(𝑁𝑁)       (3.4) 
and the entropy as: 
𝑆𝑆𝐴𝐴𝐵𝐵,𝑓𝑓 = 𝑆𝑆(𝐴𝐴𝐵𝐵 ,𝑁𝑁 ± 1) ∓ 𝑠𝑠𝐵𝐵 − 𝑆𝑆(𝑁𝑁)       ( 3.5) 
E(AB, N±1) is the entropy of a U3Si2 supercell that contains one defect of the type AB, N 
is the number of atoms without the defect and N±1 is the number with the defect 
(interstitial = plus and vacancy = minus) while eB is the partial energy of U or Si 
(interstitial = minus and vacancy = plus). S(AB, N±1) and sB are the corresponding 
entropies. It should be noted that since U3Si2 is metallic, it was not necessary to take the 
charge state of the defect into consideration.  
U anti-site defects were included in the calculations in this study because they 
have been shown to be important for non-stoichiometry in the U-rich part of the phase 
diagram [23]. The concentration of the Si anti-site defects was calculated to be less 




(3.5) were slightly modified to include both the U and Si partial quantities with the 
number of atoms kept at the same number as the perfect cell (N): 
𝐸𝐸𝑈𝑈𝑆𝑆𝑆𝑆,𝑓𝑓 = 𝐸𝐸(𝑈𝑈𝑆𝑆𝑆𝑆 ,𝑁𝑁) + 𝑒𝑒𝑆𝑆𝑆𝑆 − 𝑒𝑒𝑈𝑈 − 𝐸𝐸(𝑁𝑁)      ( 3.6) 
and  
𝑆𝑆𝑈𝑈𝑆𝑆𝑆𝑆,𝑓𝑓 = 𝑆𝑆(𝑈𝑈𝑆𝑆𝑆𝑆 ,𝑁𝑁) + 𝑠𝑠𝑆𝑆𝑆𝑆 − 𝑠𝑠𝑈𝑈 − 𝑆𝑆(𝑁𝑁)      (3.7) 
Three different cases for the partial molar quantities (chemical potentials) were 
considered: 1) the environment is Si-rich and U3Si2 is in equilibrium with USi; 2) the 
environment is U-rich and U3Si2 is in equilibrium with U3Si (at high temperature the 
equilibrium is with uranium metal); and 3) U3Si2 is near “perfect” stoichiometry. The 
stoichiometric or nearly stoichiometric case was bound by the chemical potentials of the 
Si and U-rich cases.  
The partial energy and entropy were computed by solving the following 
equations: 
𝐸𝐸(𝑈𝑈𝑎𝑎𝑆𝑆𝑆𝑆𝑏𝑏) =  𝑎𝑎𝑒𝑒𝑈𝑈 + 𝑏𝑏𝑒𝑒𝑆𝑆𝑆𝑆        ( 3.8) 
𝐸𝐸(𝑈𝑈𝑐𝑐𝑆𝑆𝑆𝑆𝑑𝑑) =  𝑐𝑐𝑒𝑒𝑈𝑈 + 𝑑𝑑𝑒𝑒𝑆𝑆𝑆𝑆         (3.9) 
and  
𝑆𝑆(𝑈𝑈𝑎𝑎𝑆𝑆𝑆𝑆𝑏𝑏) =  𝑎𝑎𝑠𝑠𝑈𝑈 + 𝑏𝑏𝑠𝑠𝑆𝑆𝑆𝑆        ( 3.10) 
𝑆𝑆(𝑈𝑈𝑐𝑐𝑆𝑆𝑆𝑆𝑑𝑑) =  𝑐𝑐𝑠𝑠𝑈𝑈 +  𝑑𝑑𝑠𝑠𝑆𝑆𝑆𝑆        ( 3.11) 
E(UaSib) and E(UcSid) are the energies of the UaSib and UcSid phases defining the 
equilibrium conditions. 𝑆𝑆(𝑈𝑈𝑎𝑎𝑆𝑆𝑆𝑆𝑏𝑏) =  
𝑁𝑁
𝑁𝑁−1




the corresponding entropies and N is the number of atoms in the cells used to describe 
UaSib and UcSid, respectively. The 
𝑁𝑁
𝑁𝑁−1
 scaling factor is a consequence of the entropy of 




modes corresponding to the total number of atoms, 3N. The acoustic modes in the long 
wave-length limit, analogous to translation, are excluded from the summation.
3.4. Results 
3.4.1. Rietveld Refinement and Crystal Structure of the U3Si2.00 and U3Si2.01  
The goodness of fit (χ2) and weighted profile factor (Rwp) values obtained from 
the simultaneous Rietveld refinement of the five histograms from the HIPPO detectors at 
each temperature for both U3Si2.00 and U3Si2.01 show that each refinement was successful 
using the U3Si2 (P4/mbm) crystal structure as the initial model (Table 3.2). The high-
quality datasets have a larger χ2 and Rwp values compared to the data collected for 120 
minutes at the same temperature; Longer acquisition time increases the statistical 
precision in a diffraction measurement making it impossible to model “imperfections” in 
the peak shape or peak positions (i.e., features that cannot be modeled) [94]. 
Table 3.2. The χ2 and Rwp obtained at each temperature for both samples. 
Temperature 
[K] 









373 3.050 0.76 5.746 0.95 
473   5.835 0.95 
573 2.685 0.72 4.820 0.97 
673   4.843 0.88 
773 2.339 0.68 4.211 0.84 
873   4.439 0.84 
973 2.136 0.66 4.032 0.82 
1073   4.091 0.81 
1198 1.907 0.65 3.800 0.80 
1223 1.933 0.65 3.843 0.81 
1248 1.924 0.64 3.700 0.81 
1273 1.877 0.63 3.835 0.81 
1273   3.803 0.80 
1298 1.881 0.63 3.791 0.81 
1323   3.841 0.81 
1348   3.837 0.82 
1373   3.925 0.86 




A histogram recorded at ~298 K and 1298 K by the 145° and 90° detector panels 
of HIPPO, including Rietveld fit are provided in Figures (3.2-3.4), (3.3) and (3.4) for 
U3Si2.00 and U3Si2.01, respectively. The plots in Figures (3.2-3.4) were normalized by the 
incident intensity and the refined background was subtracted for clarity. No additional U-
Si phases were observed in either sample, indicating that both are single phase.  
 
Figure 3.2. Rietveld fit for U3Si2.00 sample at 298 K (a,b) and 1298 K (c,d) from the 145° 
(a,c) and 90° detector rings.  
Figure 3.3. Rietveld fit for U3Si2.00 sample at 298 K (a,b) and 1298 K (c,d) from 145°(a,c) 





Figure 3.4. Rietveld fit at 298 K high-quality data for U3Si2.00 (a, b) and U3Si2.01 (c, d) 
from the 145° (a, c) and 90° (b, d) detector rings.
The crystal structures based on the refined crystallographic parameters together 
with the densities above ~60% of the maximum density in the difference Fourier maps 
are shown in Figure 3.5. The anisotropic atomic displacement parameters Uij are 
displayed as 99% probability ellipsoids (i.e., covering the entire space of possible 
locations). The crystal structure contains two distinct uranium Wyckoff sites (2a and 4h) 
and one silicon site (4g). The uranium atom at the 2a position will be referred to as U1 
and the one on the 4h as U2. While the U1 atom displays a strong anisotropic thermal 
displacement motion along the crystallographic c-axis (U33), the Si and the U2 atoms 
exhibit an almost isotropic atomic displacement. The positive densities in the difference 





Figure 3.5. Visualization of the refined crystal structure of U3Si2.00 (a) and U3Si2.01 (b) 
overlaid with the difference Fourier maps. Yellow shows a positive difference and blue a 
negative difference.  
The atomic displacement parameters (Uij) and the ratio of the atomic displacement 
parameter along the c axis to the atomic displacement parameter along the a axis 
(U33/U11)  as a function of temperature are shown in in Figure 3.5. For both samples a 
value of about 4.5 was obtained for U33/U11, showing that the thermal motion of the U1 
atom is very anisotropic, with preferred motion along the c axis. The value of U33/U11 
varied between 0.96-0.85 and 1.6-1.2 over the entire temperature range for U2 and Si 
atoms respectively, showing that their thermal motion is almost isotropic, with the U2 
atoms having a slightly preferred motion along the a axis, and the Si atoms having a 
slightly preferred motion along the c-axis. 
The lattice parameters and unit cell volume as a function of temperature for the 
two U3Si2 samples compared to parameters obtained by Obbard et al. [71] are shown in 
Figure 3.7. While the a-lattice parameters lie within the margin error, the c-lattice 
parameters and therefore the unit cell volume for the U3Si2.01 sample resulted in slightly 





Figure 3.6. Atomic displacement parameters Uij as a function of temperature. All three 
atoms are shown in the U3Si2.00 (red) and U3Si2.01 (blue) crystal structure. U11 (left axis in 
a-c) and U33 (right axis in a-c) correspond to atomic displacement along the a-axis and c-
axis, respectively and U12 (d) is the atomic displacement in the a-b plane for U2 (left axis 
in d) and Si (right axis in d). Note that the error bars are within the symbols and the scale 
difference in (a) and (d).
  
Figure 3.7. Lattice parameters and unit cell volumes as a function of temperature. 
Stoichiometric U3Si2.00 is shown in red and hyper-stoichiometric U3Si2.01 in blue. Both are 
compared to data from [71] in black. The error bars for U3Si2.00 and U3Si2.01 are smaller 
than the data markers. Lattice parameters and unit cell volume were fit with a 2nd order 




Bond lengths were computed from the refined lattice parameters and atom 
positions, indicating Si-Si bonds are the shortest and that there are two symmetry related 
bond length possibilities for Si-U2 bonds. The uncertainties associated with the Si-Si 
bond lengths are higher than the uncertainties of the bond lengths and increases with 
temperature for both compositions. While the absolute bond lengths as a function of 
temperature displayed in Figure 3.8 do not show significant trends, a plot of the relative 
bond lengths (Figure 3.9) do reveal trends in behavior. The Si-Si bonds show the highest 
relative change (strain relative to the room temperature bond length) with greater than 2% 
at the highest temperatures for both compositions. In comparison, the Si-U1 bonds only 
expand slightly more than 1% during heating from room temperature to ~1273 K. The Si-
Si bond strain at temperatures above 1000 K is greater in the U3Si2.01 greater sample.        
There were no observable differences in the Si-U1 bond strains between the two 
samples. The U1-U2 thermal strain is significantly higher for the U3Si2.00 sample, 
resulting in a difference of 31% at 1298K. At temperatures above ~1200 K, the Si-U2 
bond strains for the U3Si2.00 sample is either slightly higher or lower than that of the 
U3Si2.01 depending on the bond (the Si-U2 bond can be different depending on the plane 
of the Si atom). 
 
Figure 3.8. Absolute bond lengths as a function of temperature for U3Si2.00 (a) and 





Figure 3.9. Relative change of each bond lengths (thermal strain) as a function of 
temperature for U3Si2.00 compared to U3Si2.01. Note the difference in scale for the Si-Si 
bond.
3.4.2. Thermal Expansion of U3Si2 from Crystal Structure Data 
The thermal expansion, and coefficient of thermal expansion (CTE) for each unit 
cell parameter were computed for both U3Si2.00 and U3Si2.01 samples and are shown in 
Figure 3.10. The expansion of the a and c-lattice parameters from room temperature to 
1273 K were ~1.5 % and ~2.2 %, respectively and is therefore significantly anisotropic. 
The thermal expansion of both the a and c-lattices were greater for the U3Si2.00 compared 
to the U3Si2.01, by approximately 0.5 % and 1%, respectively. 
The average linear coefficient of thermal expansion (α) is related to the 
volumetric coefficient of thermal expansion (β) by the equation: 








where β(T) is the coefficient of volume expansion, α(T) is the average linear coefficient 
of thermal expansion, V is volume, and T is temperature. The average linear coefficient 
of thermal expansion is calculated using Eq. 3.12 by taking the derivative of the 
volumetric strain. The average CTE as a function of temperature for both samples 
compared to available literature values are provided in Figure 3.11(a). 
The recommended average CTE (Figure 11b) for U3Si2 given by: 
𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇) = 2.065 ∗ 10−5 − 5.884 ∗ 10−9𝑇𝑇 (R2 = 0.94)    (3.12) 
and was computed using Regression analysis of the stoichiometric data from this work 
and those from White et al. [16] and Obbard et al. [71]. The data from the other studies 
shown in Figure 11(a) were omitted from the computation for several reasons; 1) they did 
not follow the general trend (i.e., decrease as a function of temperature); 2) the values 
were too small compared to values from this work and those in references [16, 71]; and 
3) uncertainties about their experimental procedures and sample composition. 
 
Figure 3.10. Comparison of thermal expansion, coefficient of thermal expansion 
for a and c-lattice parameters, and unit cell volume. Collected data is compared 
with data from Obbard et al.[71]. Data from White et. at. [16] is also used for 





Figure 3.11. (a) Average CTE for U3Si2.00 (red) and U3Si2.01 (blue) compared to literature 
CTE values [16, 72, 96-99]. (b) Recommended average CTE computed from U3Si2.00 (this 
work), Obbard et al. [72] and White et al. [16]. Note that in their work White et al. [16] 
used a constant to describe the CTE (16.1x10-6 K-1 ± 1.3x10-6 K-1). The α(T) provided in 
(b) was generated by a linear fit to the data in (a). 
3.4.3. Results from DFT Calculations of Point Defects in U3Si2
The calculated point defect energies and entropies for the nearly stoichiometric, 
Si-rich and U-rich environments are provided in Table 3.3 and the point defect 
concentrations are plotted as function of temperature in Figure 3.12 (near stoichiometric 
environment), Figure 3.13 (Si-rich environment) and Figure 3.14 (U-rich environment). 
The resulting non-stoichiometry (x in U3Si2+x) is also shown in the figures (Figure 3.12-
14).  
Si interstitials dominate in all three environments, which leads to 
hyperstoichiometry with respect to Si for all three cases not only for Si-rich conditions. 
The hyperstoichiometry was accentuated at high temperature, while at low temperature 




interstitials follow as the species with the second and third highest concentration. The U1 
(2a site) vacancies had a more negative formation energy and therefore were more stable 
than the U2 (4h sites) vacancies. However, silicon vacancies are more stable than the U1, 
except for in the Si-rich environment when both are of similar magnitude. For U-rich 
environments at high temperature, the uranium anti-site concentration became significant 
and began to drive the non-stoichiometry back towards x = 0 (i.e., back to U3Si2).
Table 3.3. U and Si point defect formation energies and entropies.  
   Energies (eV) 
Stoich. Si-rich U-rich 
 
   Entropies (kB) 








-9.79 -9.83 -9.79 





 -3.11 -1.30 -3.41   
-5.79 -8.05 -4.88   
 
 𝐸𝐸𝑉𝑉𝑈𝑈2𝑎𝑎,𝑓𝑓  1.69 1.65 1.69 
 
 𝑆𝑆𝑉𝑉𝑈𝑈2𝑎𝑎,𝑓𝑓       0.45 2.86 0.15 
 
 𝐸𝐸𝑉𝑉𝑈𝑈4ℎ,𝑓𝑓  3.00 2.96 3.00 
 
 𝑆𝑆𝑉𝑉𝑈𝑈4ℎ,𝑓𝑓       2.89 4.70 2.59 
 
 𝐸𝐸𝑉𝑉𝑆𝑆𝑆𝑆,𝑓𝑓  1.79 1.84 1.77 
 
 𝑆𝑆𝑉𝑉𝑆𝑆𝑆𝑆,𝑓𝑓          6.28 4.01 7.19 
 
 𝐸𝐸𝑈𝑈𝑆𝑆,𝑓𝑓   0.87 0.91 0.86 
 
 𝑆𝑆𝑈𝑈𝑆𝑆,𝑓𝑓             -3.15 -4.96 -2.85 
 
 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆,𝑓𝑓  0.55 0.50 0.57 
 
 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑓𝑓       2.19 4.45 1.28 
 
 𝐸𝐸𝑈𝑈𝑆𝑆𝑆𝑆,𝑓𝑓  1.02 1.11 1.00 
 
 𝑆𝑆𝑈𝑈𝑆𝑆𝑆𝑆,𝑓𝑓       1.32 -2.75 2.53 
 
 
Figure 3.12. Equilibrium defect concentrations (plotted as site fractions, yAB , left) and 





Figure 3.13. Equilibrium defect concentrations and non-stoichiometry in U3Si2+x  for Si-
rich equilibrium. Equilibrium defect concentrations are plotted as site fractions, yAB , on 
the left-hand axis and non-stoichiometry, x, is plotted on the right-hand y-axis. 
 
Figure 3.14. Equilibrium defect concentrations and non-stoichiometry in U3Si2+x  for U-
rich equilibrium. Equilibrium defect concentrations are plotted as site fractions, yAB , on 





3.5.1. Non-Stoichiometry in U3Si2 form Si Interstitial Defect 
The slightly higher Si content sample (U3Si2.01) has not resulted in an expected 
second phase when assuming U3Si2 is a line compound. This suggests the current phase 
diagram may not have a sufficiently wide homogeneity range of U3Si2 to accommodate 
current observations. The lack of any secondary phase at temperatures below 1000 K, 
disagrees with the prediction made by Middleburg et al. [23], however they do agree with 
prediction made here by adding entropic contributions to the analysis of Middleburgh et 
al. [23].  
The decrease in the lattice parameters ( ~0.01% and ~0.1% for a and c-lattices 
respectively), the observed differences in the thermal strain (Figure 3.10), atomic 
displacement parameters (Figure 3.6), bond length strain (Figure 10) and coefficients of 
thermal expansion (Figure 3.11) for U3Si2.00 compared to U3Si2.01 support the conclusion 
that the extra Si dissolved in the U3Si2 lattice because an undetected secondary phase 
would have resulted in identical structural evolution of U3Si2 for both samples. The 
positive difference in the difference Fourier maps (Figure 3.5) allow to locate the 4f, 2c 
and 2d as possible silicon sites. Those sites along with 6 other (2b, 4e, 4g, 4h,8i) Wyckoff 
positions were tested to identify the most stable silicon interstitial site. Fractional amount 
of Si atom was added to each site and Rietveld refinement was performed on the high-
quality data for U3Si2.01 as described in Section 3.3. The total amount of silicon was 
constrained to 2.01, and the regular silicon site and the interstitial site occupancies could 





Table 3.4. Summary of Rietveld refinement results at 298 K. 
 
Results show that the 4e, 2b, and the 2c could be a possible interstitial silicon site, 
with the 4e site being the most probable. The 4e site was not considered as an interstitial 
site in DFT calculations; however, it closely relates to the substitutional anti-site solution 
mechanism investigated by Middleburgh et al. [23]. The 2b site (0,0, 0.5) was predicted 
to be the most stable for interstitial Si atoms by DFT simulations. The position was 
predicted to be slightly displaced from the actual (0.0, 0.0, 0.5) position, which relates to 
the 4e site (0, 0, ±z). Therefore, the experimental and DFT predictions are in agreement 
regarding the stable silicon interstitial site.  
The Si interstitial defect extends over the entire temperature range studied for the 
U3Si2.01 sample. Therefore, the U3Si2 compound should not be represented as a line 
compound but instead a solid solution. Future work is warranted to study additional 
U3Si2±x to discover the width of the homogeneity range.
3.5.2. Lattice Parameters of Stoichiometric and Non-stoichiometric U3S2 Phase
All refinements showed an excellent agreement with the reported U3Si2 crystal 
structure. For the stoichiometric U3Si2.00 sample the lattice parameters were 7.34664(7) Å 
Wyckoff 
site 







8i 0.75, 0.2, 0 diverged diverged 0.00125 diverged diverged 
4e 0.5, 0.5, 
0.262(2) 
56.99 1.66 0.0025 0.026(1) a = 7.34097(7) Å 
c = 3.89378(5) Å 
4f 0, 0.5, 0.25 diverged diverged 0.0025 diverged diverged 
4g 0.48, 0.98, 0 diverged diverged 0.0025 diverged diverged 
4h 0.47, 0.97, 0.5 diverged diverged 0.0025 diverged diverged 
2b 0.5, 0.5, 0.5 57.51 1.66 0.005 0.043(2) a = 7.34094(7) Å 
c = 3.89384(5) Å 
2c 0.5, 0, 0.5 59.53 1.69 0.005 0.008(1) a = 7.34103(7) Å 
c = 3.89378(5) Å 




and 3.89965(6) Å for the a-lattice and c-lattice respectively at 298 K (values taken from 
the Rietveld refinement of the 120-minute count time data). The lattice parameters were 
within 0.4 % of the data by Remschnig et al.[26] (a = 7.336(5) Å, c = 3.890(8) Å), 
Maskova et al.[100] (a = 7.336(4) Å, c = 3.892(6) Å),  Mohamad et al.[96] (a = 7.32(1) 
Å, c = 3.90(9) Å) and Obbard et al.[72] (a = 7.324(3) Å, c = 3.882(2) Å). The lattice 
parameters obtained for hyperstoichiometric U3Si2.01 at ambient temperature are 
7.34589(4) Å and 3.89513(5) Å for the a-lattice and c-lattice, respectively. This would 
indicate Si atoms substituting for U atoms as interstitial locations of excess Si would lead 
to a lattice expansion rather than a contraction.  
The DFT calculations of non-stoichiometry in U3Si2 indicated that the interstitial 
defect mechanism for accommodating excess silicon in the crystal structure is the most 
favored. The simulated structure with excess silicon atoms on the interstitial sites shows 
that the a-axis contracted by 0.097%, while the c-axis expanded by 0.35% and the overall 
unit cell expanded by 0.15%. Even though the volume expansion and the change in lattice 
parameters were small, the simulation results exhibited a slightly different trend than the 
neutron diffraction measurements. This could be related to the higher defect 
concentration used in the simulation, finite temperature effects not accounted for in the 
simulations, or a structural difference between simulations and experiments.  
The silicon substitutional defect mechanism was predicted to be less stable than 
the interstitial mechanism by Middleburgh et al. [23] and consequently was not included 
in the initial analysis of this work. In view of the experimental results, additional 
calculations were performed following the methodology in Section 3.3.4. Those 




the parameters. It was found that the substitutional mechanism lead to a lattice 
contraction of 0.22% for U3Si2.11. The difference between the two mechanisms was 
significant, but only 0.02eV.  
Another possibility suggested and investigated by Andersson [private 
communication] is the ability of forming a bound cluster from an interstitial and 
substitutional Si atom. It was found that even though the cluster was weakly bound (-0.37 
eV), it still caused volume expansion of the lattice. Investigations of the accommodation 
of excess Si atoms will be the subject of future research.
3.5.3. Thermal Expansion of U3Si2
The volumetric expansion relative to the room temperature volume to 1273 K was 
found to be 1.65(6) % and 1.65(5) % for U3Si2.00 and U3Si2.01, respectively. This is in 
good agreement with results by White et al. [16], who found the thermal expansion of 
~1.589% at 1273 K for U3Si2 from dilatometry measurements and by Obbard et al. [71], 
who calculated a volumetric thermal expansion of ~1.662% at 1273 K for U3Si2 from 
neutron diffraction refinement. The expansion of the a and c-lattice parameters from 
room temperature to 1273 K were 1.5 and 2.2 %, respectively and is therefore 
significantly anisotropic. This indicates that the existence of preferred orientation in a 
U3Si2 fuel pellet could lead to anisotropic thermal expansion of the bulk, which in turn 
could lead to cracking. 
The average CTE for both U3Si2.01 and U3Si2.00 was found to vary linearly with 
temperature and decrease with increasing temperature. The CTE values for U3Si2.00 varies 




The CTE values for U3Si2.01 also agrees well with those of Loch et al. [98]. While 
Loch et al. [98] did not provide any analysis of their samples, a 2 wt% excess Si was 
added to each sample. The CTE for U3Si2.01 agreed with values obtained by Mohamad et 
al. [95] from 273-800 K, above which their values started to increase with temperature. 
Although Mohamad et al. [95] did not mention anything about their samples oxidizing, 
with the good agreement between their data and Taylor & McMurtry [96], it can be 
speculated that their sample oxidized at some point during their analysis. The CTE values 
reported by Taylor & McMurtry [96] were significantly lower than that for U3Si2.01 and 
U3Si2.00 and their values increased with temperature. These results were associated with 
the oxidation of their samples during analysis. From this work it is evident that 
composition and sample environment plays a role in the accuracy of CTE value obtained 
for U3Si2. 
The CTE values for U3Si2.00 agreed well with those reported by Obbard et al. [71]. 
Although White et al. [16] reported a constant CTE value, a linear fit to their data was 
done in this work that agreed well with the U3Si2.00 values. The CTE for U3Si2 is best 
describe by the line 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎(𝑇𝑇) = 2.065 ∗ 10−5 − 5.884 ∗ 10−9𝑇𝑇 (R2 = 0.94). 
The observed differences in thermal expansion as a function of composition could 
lead to thermal stresses if concentration gradients occur in a nuclear fuel pellet. The 
understanding of these differences warrants further investigation. 
3.6. Summary
Stoichiometric U3Si2.00 and hyperstoichiometric U3Si2.01 were investigated 
between room temperature and 1348 K. High temperature neutron diffraction revealed 




lack of a secondary phase in the sample with higher Si concentration signifies that the 
current phase diagram does not accurately represent the U3Si2 phase field.  
The 4e Wyckoff site (0,0, ±z) was found to be the most likely Si interstitial site. 
The data agree with the observed reduction in the thermal motion parameter along the c-
axis and with DFT predictions which found a slightly displaced 2b site (0,0,1/2) as the 
lowest energy interstitial site. However, the finding of a reduced unit cell volume of the 
U3Si2.01 relative to the U3Si2.00 indicates that substitution of U atoms with Si atoms occurs 
which warrants further investigation, e.g. by synthesizing and characterizing several 
additional hyperstoichiometric compositions.  
The excess Si in the U3Si2.01 also resulted in a different thermal expansion 
behavior. This warrants future investigation as the current results indicate that thermal 
stresses due to CTE mismatch may occur if the local chemistry changes which could be 
detrimental for the application in fuel pellets. The expansion of the a and c-lattices is 
significantly anisotropic, indicating that the existence of preferred orientation in a U3Si2 
fuel pellet could lead to anisotropic thermal expansion of the bulk, which could lead to 
cracking.
3.7. Acknowledgements
This work was supported by the DOE/NE Fuel Cycle R&D research program and 
has benefitted from the use of the Los Alamos Neutron Science Center (LANSCE) at Los 
Alamos National Laboratory. Los Alamos National Laboratory is operated by Triad 
National Security, LLC, for the National Nuclear Security Administration of the U.S. 
Department of Energy under contract number 89233218NCA000001. Tashiema Ulrich is 




acknowledge Dr. Edward Obbard for providing us with this lattice parameter data from 





Phase Stability of the U5Si4, USi and U2Si3 Phases in the U-Si System3 
 
3 T. L. Urich, S. C. Vogel, J. T. White, D. A. Lopes, V. Kocevski, E. Sooby Wood, T. M. Besmann. Phase 






The concept of Accident Tolerant Fuel (ATF) largely relates to the replacement of 
zirconium-based cladding with material less susceptible to steam oxidation with attendant 
replacement of the oxide fuel as a secondary goal. Current cladding replacement 
candidates are ferritic (FeCrAl) alloys, Mo alloys, and SiC-SiC composites [9]. The 
lower neutronic performance of these alloy candidates has motivated efforts to replace 
UO2 fuel with higher uranium density phases to off-set neutron losses in the higher 
absorption cladding. Among the fuel phases considered are UN, UC, U3Si2 and a 
composite of UN/U3Si2 [16, 100, 101].  
The intermetallic compound U3Si2 has received attention due to its combination 
of high thermal conductivity, reasonably high melting point, and moderate oxidation 
resistance in steam up to 350 °C [5]. Consequently, U3Si2/FeCrAl and U3Si2/SiC-SiC 
composite fuel-cladding systems have become promising ATF candidates [102-104]. 
Additionally, the higher strength of ferritic alloys over zirconium-based cladding may 
allow use of thinner walled cladding to reduce the impact of its higher neutron 
absorption.   
There have been several studies on the compatibility of U3Si2 with FeCrAl [104-
112] that indicate a low temperature phase, and that U2FeSi3 forms from the interaction 
between U-Si-Fe. The crystal structure of the U2FeSi3 phase was reported as P6/mmm 
with AlB2-type structure and is said to have a large homogeneity range and is not an 
extension of the of the hexagonal USi1.67 phase.  This crystal structure prompts the 
investigation of samples with U/Si = 2/3 composition to check if U2Si3 compound is an 




The growing interest in uranium silicide fuel (U3Si2) motivated more thorough 
studies of U-Si phase space [16-36] especially in the Si-rich region where there are still 
many uncertainties. The current phase diagram [24] indicates seven intermetallic 
compounds: USi3, USi2, USi1.88, U3Si5, USi, U3Si2 and U3Si. The U5Si4 phase was first 
reported in 1998 by Noel et al. [41] in a conference communication.  Noel et al. [41] 
found that it forms in a hexagonal unit cell (P6/mmm space group) with lattice parameters 
a=10.468 Å and c=3.912 Å. Although the work of Noel et al. [41] presents a full 
crystallographic description, the reported data is limited and the x-ray diffraction (XRD) 
pattern has never been reproduced.  
Berche et al. [21] and Hoggan et al. [105] also report a U5Si4 phase based on 
scanning electron microscopy (SEM) backscatter images and energy dispersive 
spectroscopy (EDS) analysis. Considering the observed microstructure, Berche et al. [21] 
proposed that the U5Si4 phase is formed through a peritectic reaction [U3Si2 + liquid → 
U5Si4]; however, when they conducted differential thermal analysis (DTA) to determine 
the temperature of the peritectic transition, they were not successful. Also, they did not 
observe any peaks in the DTA and therefore this phase was not included in their 
thermodynamic assessment.  
The inclusion of U5Si4 in a phase diagram was considered in the thermodynamic 
assessment performed by Wang et al. [22] and due to the limited available information, 
no crystal structure model was provided.  Instead, the Neumann-Kopp rule was used to 
describe its formation enthalpy, entropy and energy and the heat capacity. It was 
emphasized by Wang et al. [22] that more work is still required to confirm the stability of 




Middleburgh et al. [23] and Andersson et al. [66] performed density functional 
theory with Hubbard correction (DFT+U) calculations for the U5Si4 phase using the 
structure reported by Noel et al. [41]. They found the phase to be stable with respect to 
the following decomposition reaction U5Si4 → 2USi + U3Si2, requiring only 0.02 eV to 
produce this decomposition. Middleburgh et al. [23] also mentioned that the small energy 
of formation barrier could be negated by entropic factors, thus no conclusion was made 
about the U5Si4 phase stability. 
Understanding the crystal structure of the USi phase is important because uranium 
loss and fission product formation may promote the formation of additional silicide 
phases during burnup. As USi is compositionally adjacent to U3Si2, USi could be a 
potential minor phase generated in the silicide fuel. In 1996, Bihan et al. [48] found that 
the uranium monosilicide (USi) phase exhibits a tetragonal superstructure (I4/mmm space 
group) and inferred that USi crystal structure with Pbnm space group reported by 
Zachariasen [34] was not the equilibrium structure because it was oxygen stabilized 
(U8Si8O). DFT calculations by Noordhoek et al. [25] demonstrated that neither of the two 
USi structures reported earlier are the most stable, but instead suggested that the most 
stable USi structure from DFT is orthorhombic adopting the Imma space group.  
In this study, samples with nominal compositions U/Si = 5/4 and U/Si = 2/3 were 
fabricated and analyzed using SEM-EDS, XRD and high temperature time-of-flight 
neutron diffraction. The experimental work was supported by DFT calculations. 
4.2. Methodology 
4.2.1. Sample Fabrication 




2/3 were prepared by arc melting depleted uranium and silicon using a tri-arc furnace (5 
TA Reed Tri Arc, Centorr Vacuum Industries, USA). The arc melter was equipped with 
non-consumable 2% thoriated tungsten electrodes and a water-cooled copper hearth. Arc 
melting was conducted under an atmosphere of high purity, gettered argon. The depleted 
uranium rods (99.9+% purity, AeroJet Rocketdyne, Jonesborough, TN, USA) were 
manually cleaned using a SiC grinding disc to remove the oxide layer and rinsed with 
acetone and methanol before being weighed. 
Chemical analysis on the uranium feedstock using Inductively Coupled Plasma- 
Mass Spectrometry (ICP-MS) by MCL Inc.(Oak Ridge TN) revealed 8.3 ppm Co, 2.6 
ppm Ni, and 2.7 ppm Cu impurities. All other transition metals and rare earth impurities 
were below the instrument’s detection limit of 0.05 ppm. 99.999% pure Silicon (irregular 
shaped pieces, 3-6mm in size, Cerac Inc., Milwaukee, WI) was added to achieve the 
targeted compositions based on the weight of the U-metal in the sample. A 5 mg excess 
of Si was added to each sample before arc melting to compensate for expected Si 
volatilization.  
Due to the oxidation susceptibility of the silicides, special care was taken to 
ensure minimal oxygen contamination. Arc melting was conducted in an argon 
atmosphere glovebox where the oxygen and water concentration were less than 0.1 ppm. 
The O2 concentration at the inlet and outlet of the arc melting system was monitored with 
oxygen sensors (Rapidox 3100 OEM, Cambridge Sensotec, UK) and the oxygen level 
was less than 10-15 ppm before the start of each sample melt. Each ingot was re-melted 5 
times and turned over after each melt to ensure homogeneity. Compositions were 




volatilization. Targeted and actual compositions of the cast ingots are summarized in 
Table 4.1. 
Table 4.1. Target and actual compositions.  
Target composition (U/Si) Actual composition (U/Si) Target at.% Si Actual at.% Si 
5/4 5/4.23 44.4 45.8 
1/1 1/0.98 50 49.5 
2/3 2/3.36 60 62.7 
 
Pieces of the ingots with nominal composition U/Si = 5/4.23 and U/Si = 2/3.36 
were annealed inside a W-mesh metal furnace located inside of a glovebox for 48 hours 
at 1250 °C in a gettered argon atmosphere with a heating rate of 20 K min-1 and a cooling 
rate of 100 K min-1. 
The sample with composition U/Si = 1/0.98 was prepared for neutron diffraction 
by crushing ~5 g ingot using a mortar and pestle and sieved between a -200 and -325 
mesh in an Ar glove box maintained below 30 ppm O2. Immediately after crushing, the 
sample was placed in a W-mesh metal furnace and annealed at 1250 °C for 20 hours in 
gettered argon atmosphere. The sample was directly loaded into neutron diffraction use 
vanadium container immediately following annealing to limit oxygen exposure.4.2.2.
 Characterization by SEM-EDS and XRDSEM-EDS samples were prepared by 
potting 3-5 pieces of the ingot in epoxy and polishing them using #600, #800, #1200 grit 
SiC grinding discs and then using 9 μm, 3 μm, and 1 μm diamond suspension for final 
polishing. A Tescan Vega-3 SEM equipped with an electron backscatter detector and an 
EDS detector was used for imaging and analyzing phase composition. Fiji (ImageJ) 
software [114] was used to compute the volume fraction of each phase from the 




XRD samples were prepared by grinding ingot fragments using a mortar and 
pestle in an argon atmosphere glovebox previously described. An approximately 100 mg 
powdered sample was mounted on a Si crystal zero-background plate using a thin layer of 
vacuum grease and sealed inside a polymer dome while inside the glovebox to reduce the 
risk of oxidation. The polymer dome had an air scatter shield to minimize the background 
to signal contribution. XRD measurements were collected on a Bruker x-ray 
diffractometer  (D2 Phaser, Bruker AXS, Madison, WI, USA) from 15° to 90° 2θ with a 
7s hold and a 0.01° step size. The XRD patterns were analyzed using Bruker 
DIFFRAC.SUITE EVA software, and MDI Jade pro software. The phase fractions of the 
annealed samples were estimated by Whole Pattern Function (WPF) refinement with the 
reference intensity ratio (RIR) method implemented in the Jade software. Rietveld 
analysis on the XRD data was performed using the GSAS-II [115] and MAUD software 
packages [116] to determine lattice parameters. 
4.2.3. Characterization by High Temperature Time of Flight Neutron Diffraction 
The High Pressure-Preferred Orientation (HIPPO) time-of-flight neutron 
diffractometer [72, 73] utilizing the pulsed neutron spallation source at the Los Alamos 
Neutron Science Center [74] was used for neutron diffraction measurements. To control 
the sample temperature, an Institute Laue-Langevin (ILL)-type furnace with vanadium 
heating elements and heat shields that operated at a vacuum pressure of <10-6 Torr.  
Neutron diffraction measurements were recorded every 200 °C as the temperature 
increased from room temperature to 1100 °C with a temperature dwell time of 120 
minutes to compensate for fluctuations in proton current (Table 3.2). Data were recorded 




and at 1000 °C, 800 °C, 600 °C, and 400 °C as the sample cooled.  
Rietveld analysis on the neutron diffraction data was performed using the GSAS 
[78] with scripts written in gsaslanguage [79]. The USi structure with a I4/mmm space 
group as reported by Bihan et al. [48]) was used as the initial model. The refined 
structure at room temperature was subsequently used to refine the high temperature data 
where the maximum number of parameters was 103.This data included background 
parameters, diffractometer constants, lattice parameters, isotropic displacement 
parameters for Si atoms, anisotropic displacement parameters for U atoms, atomic 
positions, peak width parameters, absorption parameters, and atom site fractions.  
Table 4.2: Neutron diffraction data temperatures, goodness of fit (χ2), and the weighted 
profile factor (Rwp).  
Temperature [°C] U/SI = 1/0.98 Χ2 RWP (%) 
30 Heating 14.77 1.05 
100 Heating 9.683 0.84 
300 Heating 8.491 0.81 
400 Cooling 5.177 0.85 
500 Heating 10.78 0.91 
600 Cooling 8.538 0.80 
700 Heating 7.533 0.76 
800 Cooling 7.743 0.77 
900 Heating 7.036 0.74 
1000 Cooling 7.002 0.74 
1100 Heating 6.331 0.72 
 
4.3. Results
4.3.1. The U5Si4 and the U2Si3 Phases
In addition to the experimental results, the DFT results on the phase stability of 
the U5Si4 and the U2Si3 phases will be presented. These DFT calculations were performed 
by Dr. V. Kocevski and Dr. D. A. Lopes at the University of South Carolina in support of 




Samples with compositions U/Si = 5/4.23 (45.83 at.% Si) and U/Si = 2/3.36 
(62.69 at.% Si) were prepared in order to investigate the existence of the U5Si4 and the 
U2Si3 phases. The prepared samples were not stoichiometric, containing excess silicon. 
Representative SEM backscatter images of the as-cast and annealed samples are provided 
in Figure 4.1 for the 45.83 at.% Si sample, and Figure 4.2 for the 62.69 at.% Si sample. 
They indicate two phases are present; a Si-rich phase and a U-rich phase, identified as 
USi0.91±0.4 and U3Si1.93±0.6 in the 45.83 at.% Si sample and USi1.7±0.3 and USi1.0±0.2 in the 
62.69 at.% Si sample. The elemental analyses are summarized in Tables 4.3 and the 
images showing the area over which the data were recorded are in Appendix A. The 
calculated phase fractions for USi0.91±0.4, U3Si1.93±0.6, USi1.7±0.3 and USi1.0±0.2 are 51.8(4) 
wt%, 48.2(4) wt%, 83(2) wt% and 18(4) wt%, respectively. 
 
Figure 4.1. SEM backscatter images of 45.83 at.% Si sample. The as-cast (a) and 
annealed (b) samples. Magnification 250x and an acceleration voltage of 20.0kV. Phases 
identified from  EDS analysis. 
 
Figure 4.2. SEM backscatter images for the 62.69 at.% Si sample. The as-cast (a) and 




Table 4.3. EDS data for the 45.83 at.% Si and 62.69 at.% Si samples.  
45.83 at.% Si Sample (Phase 1) at.% Si at.% U wt.% Si wt.% U 
 48.05 51.95 9.84 90.12 
 47.86 52.14 9.77 90.23 
 48.12 51.88 9.86 90.14 
 47.76 52.24 9.74 90.26 
 48.42 51.58 9.97 90.03 
 48.01 51.99 9.83 90.17 
 45.65 54.39 9.02 90.98 
 45.79 54.21 9.06 90.94 
 47.50 52.50 9.65 90.35 
 47.68 52.32 9.71 90.29 
 48.41 51.59 9.97 90.03 
 47.48 52.52 9.64 90.36 
 47.70 52.30 9.71 90.29 
Average 47.7±0.8 52.4±0.8 9.7±0.3 90.3±0.3 
45.83 at.% Si Sample (Phase 2) at.% Si at.% U wt.% Si wt.% U 
 39.10 60.90 7.04 92.26 
 39.38 60.62 7.12 92.88 
 38.80 61.20 6.96 93.04 
 39.78 60.22 7.23 92.77 
 38.81 61.19 6.96 93.04 
 39.30 60.70 7.10 92.90 
 39.77 60.23 7.23 92.77 
 38.39 61.61 6.85 93.15 
 38.63 61.37 6.91 93.09 
 39.31 60.69 7.10 90.90 
 39.77 60.23 7.23 92.77 
Average 39.19±0.46 60.81±0.46 7.24±0.59 92.69±0.60 
62.69 at.% Si Sample (Phase 1) at.% Si at.% U wt.% Si wt.% U 
 62.55 37.45 16.47 83.53 
 62.45 37.55 16.41 83.59 
 62.51 37.39 16.5 83.5 
 62.89 37.11 16.66 83.34 
 62.88 37.12 16.66 83.34 
 62.59 37.41 16.49 83.51 
 62.59 37.41 16.9 83.51 
 63.09 36.91 16.78 83.22 
 63.32 36.68 16.98 83.08 
 63.25 36.75 16.88 83.12 
 62.95 37.07 16.70 83.30 
 62.7 37.3 16.55 83.5 
 62.55 37.45 16.46 83.54 
 62.27 37.73 16.3 83.70 
 63.15 36.85 16.82 83.18 
 63.16 36.84 16.83 83.17 
Average 62.81±0.31 37.19±0.31 16.65±0.20 83.38±0.20 
62.69 at.% Si Sample (Phase 2) at.% Si at.% U wt.% Si wt.% U 
 49.83 50.17 10.49 89.51 
 50.3 49.7 10.67 89.33 
 49.95 50.05 10.53 89.47 
 50.15 49.85 10.61 89.39 
 50.5 49.5 10.75 89.25 
 49.46 50.54 10.35 89.65 
 50.78 49.22 10.85 89.15 
 50.57 49.43 10.77 89.23 
 50.34 49.66 10.68 89.32 
 50.46 49.54 10.73 89.27 
 50.47 49.33 10.84 89.19 
 50.81 49.19 10.86 89.14 
 49.99 50.01 10.55 89.45 
 50.66 49.34 10.81 89.19 
 49.65 50.35 10.42 89.58 
 50.57 49.43 10.77 89.23 




The XRD patterns for the as-melted and annealed 45.83 at.% Si sample are 
provided in Figure 4.3. The U3Si2 (P4/mbm space group) and USi (I4/mmm space group) 
were identified as the two phases using both Bruker DIFFRAC.SUITE EVA software and 
MDI Jade pro.  No other U-Si phases observed, including no U5Si4 phase.  
The XRD pattern of the annealed 62.69 at.% Si sample provided in Figure 4.4 
indicate solely the USi1.67 (P6/mmm space group) and USi (I4/mmm space group) phases. 
The Reference Intensity Ratio (RIR) method was used to quantitatively determine the 
phase fractions of the 45.83at.% Si sample as 55.0(2) wt% and 45.0(2) wt% for USi and 
U3Si2, respectively and that for the 62.69at.% sample as 18.0(5) wt% and 82.0(5) wt% for 
USi and USi1.67, respectively. The phases, space groups and lattice parameters found 
from Rietveld refinement compared to literature value are provided in Table 4.4.
Table 4.4. Crystal structure properties for phases in the 45.83 at.% Si and 62.69 at.% Si 
samples. 
 
The computed energy of formation for relaxed U5Si4 (U20Si16) and U2Si3 are 
compared in Figure 4.5 for U3Si, U3Si2, USi and U5Si4 (proposed by Noel). The relaxed 
U5Si4 (U20Si16) agrees with the structure reported by Noel et al. [41] and lies on the 
calculated U-Si convex hull indicating that this phase is thermodynamically stable at 0 K. 
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remains is above the convex hull. Phonon calculations suggest that both the U5Si4 and 
U2Si3 phase is dynamically unstable (i.e., possesses imaginary/negative frequencies) as 
presented in Figure 4.6.
 
Figure 4.3. XRD pattern of the 45.83 at.% Si sample. As-cast (bottom) and annealed (top) 
indexed with PDF-01-081-2241 for U3Si2 (red) and PDF-01-082-0854 for USi (blue) 
[16]. Note that the background is subtracted from the as-cast pattern (bottom).
 
Figure 4.4. XRD pattern of the 62.69 at.% Si sample. Indexed with PDF-01-082-0854 





Figure 4.5. Enthalpy of formation for relaxed U2Si3 and U5Si4 phases. A U20Si16 unit cell 
was used for the U5Si4 phase, and its crystal structure (right) agreed with the 
experimentally reported structure of Noel et al. [23].  
 
Figure 4.6. DOS of the U5Si4 (a) and U2Si3 (b), calculated using Ueff = 1.5 eV. 
4.3.2. The USi Phase 
Neutron diffraction data for U/Si = 1/0.98 were analyzed using the Rietveld 
method. The final goodness of fit (χ2) and the weighted profile factor (Rwp) obtained at 
each temperature are reported in Table 4.2. The U/Si = 1/0.98 sample is single phase as 




resolution (144°) and the medium resolution (90°) rings at room temperature and 1100 °C 
are provided in Figure 4.6 with the simultaneously refined data from the 120°, 60°, and 
40° detector rings omitted. Although an excellent agreement was obtained between the 
calculated and experimental data, there were observed differences in the intensities and 
the profile shape of the peaks. Because of the complexity of the tetragonal USi structure, 
further refinement of the profile shapes proved difficult.
 
Figure 4.7. Rietveld fit for the U/Si = 1/0.98 sample. At 1100°C (a,b) and 30°C (c,d) 
from the high resolution 145° (a,c) and medium resolution 90° detector rings (b,d). The 
raw data points are shown as red + and the calculated profile as the green solid curve. The 
modeled I4/mmm USi  is indicated by the black tick marks and the difference curve (yobs-
ycalc) is the solid purple curve. 
The crystal structure of the USi0.98 compound at ambient temperature overlaid 
with the difference Fourier map is provided in Figure 4.8. The unit cell lattice parameters 
and cell volume are plotted in Figure 4.9 as a function of temperature with the unit cell 




the 4e, 8f, 8j, 16n, and 16m Wyckoff sites and 8 silicon atoms occupying the 2a, 4c, 4e, 
8h, 16n, and 16m Wyckoff sites. The silicon atoms on the 2a and 4e sites both have 
partial occupancies of 0.69±0.02 and 0.42±0.02 respectively, with Rietveld refinement 
indicating a U68Si67.02±0.04 (USi0.99±0.04) stoichiometry. The Wyckoff sites and atomic 
positions for each atom in USi0.98 are provided in Table 4.5.
 
Figure 4.8. The refined crystal structure of USi (I4/mmm). (a) Overlaid with the crystal 
structure is the difference Fourier map for ~60% of the maximum density (yellow 
positive difference, blue negative difference). The uranium atoms are shown in red, while 
Si atoms are shown in blue. Some of the Si atomic sites are partially occupied shown by 
the white space. (b) A different view of the USi structure showing its supercell more 
evident.
The thermal expansion and the coefficient of thermal expansion (CTE) provided 
in Figure 4.10 shows the anisotropy of the USi thermal expansion, the a-lattice and c-
lattice expanded by approximately 1.2% and 2.4% respectively, while the volumetric 
expansion was ~1.7% from room temperature to 1100°C.  
The fitted CTE, α, and relations from the a and c-lattice parameters are provided 




𝛼𝛼𝑎𝑎 = 15.6972(5) − 0.0047200(8)𝑇𝑇/°𝐶𝐶 𝑅𝑅 > 0.98     (4.1) 
𝛼𝛼𝑐𝑐 = 22.7768(4) − 0.0033400(5)𝑇𝑇/°𝐶𝐶 > 0.98     (4.2) 
Table 4.5. Wyckoff sites, atom position, and site occupancies for the USi structure from 
the 30°C diffraction data. 
Atom Type Wyckoff Position x y z Site Occupancy 
U1 4e 0 0 0.2580(2) 1 
U2 8f 0.25 0.25 0.25 1 
U3 8j 0.2660(2) 0.25 0 1 
U4 16n 0 0.2607(2) 0.06181(7) 1 
U5 16n 0 0.3573(2) 0.19268(9) 1 
U6 16m 0.3137(1) 0.3137(1) 0.11595(8) 1 
Si1 2a 0 0 0 0.69(2) 
Si2 4c 0 0.5 0 1 
Si3 4e 0 0 0.0892(7) 0.41(2) 
Si4 4e 0 0 0.4264(3) 1 
Si5 8h 0.2318(3) 0.2318(3) 0 1 
Si6 16n 0 0.2593(4) 0.3014(1) 1 
Si7 16n 0 0.3828(3) 0.3988(1) 1 
Si8 16m 0.1279(2) 0.1279(2) 0.1576(2) 1 
 
Figure 4.9. Lattice parameters and  
unit cell volume as a function of  





Figure 4.10. Thermal expansion of the unit cell volume, the a and c-axis as a function of 
temperature (left axis) and the coefficient of thermal expansion (right axis). 
The anisotropic atomic displacement parameters (Uij) for the uranium atoms are 
displayed as 99% ellipsoid (i.e., covering the entire space of possible locations) in the 
sample refined crystal structure at ambient temperature in Figure 4.11 and are plotted as a 
function of temperature in Figure 4.12. The U1 (4e site) and U2 (8f site) have preferred 
motion in the a and b directions (U11 = U22), while the U3 (8j site)  atom has preferred 
motion in the c direction (U33). Both the U4 (16n site) and U5 (16n site) atoms both have 
preferred motion in the b direction (U22) and the U6 (16m site) atom has slightly 
preferred motion along the c-axis. The isotropic thermal motion (UISO) for the Si atoms 





Figure 4.11. Anisotropic atomic displacement parameters, Uij, for the 6 uranium atoms in 
the USi crystal structure. They are displayed as 99% probability ellipsoids (i.e. covering 
the entire space of possible locations). Note that the Si atoms are removed for better 
visualization. 
 
Figure 4.12. Anisotropic atomic displacement parameters, Uij, as a function of 
temperature. U11, U22 and U33 correspond to atomic displacement along the  
a, b and c direction, respectively. U12 and U13 correspond to the thermal motion  





Figure 4.13. Isotropic atomic displacement parameter, UISO, as a 
function of temperature for Si atoms. 
4.4. Discussion 
Based on the experimental and computational results in this study, the U2Si3 is not 
an equilibrium phase in the U-Si system in agreement with previous work [113, 40, 26, 
41]. The U2Si3 phase as an equilibrium phase was reported by Kaufmann et al. [35] and 
the details of the experimental technique was not presented. 
A sample with the composition U/Si = 5/4.23 (45.83 at.% Si) was prepared and 
characterized in an attempt to determine if the U5Si4 phase first reported by Noël et al. 
[41] can exist. It was found to be two-phase with measured phase of compositions of 
USi0.91 and U3Si1.93, suggesting that U5Si4 is not an equilibrium phase. As noted earlier, 
other experimental studies [24, 43, 57, 35, 113, 40, 26] over the USi-U3Si2 range also 




The conclusions with regard to U5Si4 phase are further supported by the first-
principles calculations. Although the phase may have a small but sufficiently negative 
free energy of formation at 0 K, the computed phonon spectra suggest that it is 
dynamically unstable. It is possible that the U5Si4 compound is a metastable phase and 
thus it was observed in samples that did not achieve equilibrium, or that it was stabilized 
by one or more additional elements. The experimental technique used by Noël et al. [41] 
cannot be verified as there is no report of it. The U5Si4 phase was subsequently reported 
by Berche et al. [21] where they observed it based on SEM and EDS analyses of a U-46 
at.% Si sample prepared in a DTA where a melt of the elements maintained for 30 
minutes and then slowly cooled. 
Based on their observations, Berche et al. [21] proposed that the U5Si4 phase is 
formed through a peritectic reaction [U3Si2 + liquid → U5Si4]; however, they could not 
accurately determine the peritectic transition temperature as no peak was observed in the 
DTA, and as such the U5Si4 phase was omitted from their thermodynamic assessment of 
the U-Si system reported in the same paper. Given that there is a stable isostructural 
ternary phase, U20Si16C3 (P6/mmm), it is possible that the experimentally reported U5Si4 
could be stabilized by contaminant oxygen or carbon, which is plausible as there are 
several reported U-Si-containing ternary phases (U8Si8O, U3Si2C2, U2Si3Fe, and 
USi2Fe0.8) [14, 30, 41]. Given the failure of the experimental and computational results to 
confirm the existence of a stable U5Si4 phase along with the possibility of the inconsistent 
experimental observations being the result of formation of a contaminant-stabilized 
U5Si4, the phase is not to be included in the development of the thermodynamics and 




Using high temperature neutron diffraction, the crystal structure of the USi phase 
has been confirmed from room temperature to 1100˚C as being tetragonal with the 
I4/mmm space group, in agreement with Bihan et al. [48]. In this study, it was found that 
preparing a sample with a composition slightly less than U/Si = 1/1 (i.e., U/Si = 1/0.98) 
prevents the formation of U3Si5 suggesting a narrow if any homogeneity range for the 
phase. A unit cell containing 68 uranium atoms and 67 silicon atoms is proposed, 
indicating a stoichiometry of USi0.99±0.4. In their work, Bihan et al. [48] were only able to 
refine one of the eight Si site occupancies, whereas in this study all the Si occupancies 
were refined where two of the Si sites, 2a and 4e, were found to be only partially filled.  
The thermal expansion of the USi structure is observed to be anisotropic, with 
greater expansion along the c direction. The volumetric expansion was found to be ~1.7% 
from room temperature to 1100 °C, which is in good agreement with White et al. [57], 
who measured the thermal expansion of USi using dilatometry.  
4.5. Conclusion
In this study 3 samples with nominal compositions of U/Si = 5/4, U/Si =1/1, and 
U/Si = 2/3 were experimentally investigated in order to assess their phase stability and 
DFT calculations were used to compute the energy of formation and phonon density of 
states for the U5Si4 and U2Si3. Given the lack of supporting computational and 
experimental results for the stability of the U5Si4 (P6/mmm space group) and U2Si3 
(P6/mmm space group) phases, it can be concluded that both should not be considered 
stable in the U-Si system. Both phases are potentially metastable with negative energy of 
formation located slightly above the U-Si convex hull and have stable isostructural 




stabilized by a third element. The crystal structure of the USi was confirmed as having a 
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The objective of this chapter is to elucidate the phase equilibria pertinent to 
extending current thermodynamic models for the U3Si5-USi2 compositional range of the 
U-Si system. A literature review of the U-Si phase equilibria was presented in Chapter 2, 
and as such, that discussion will not be repeated here. The discrepancies within the region 
of interest are as follows: 
• Compositions of α- and β-USi2 [34], which are of the ThSi2-type and the AlB2-
type structures, were amended by Brown and Norreys [37, 38] to be USi1.88 and USi1.67, 
respectively. Although both USi1.67 and USi1.88 compounds were found to exhibit narrow 
homogeneity ranges [34, 40] they are represented as line compounds in the current phase 
diagram.  
• Remschnig et al. [26] reported that three different phases were observed at the 
composition 63 at.% Si (USi1.67): the hexagonal defect AlB2-type phase and a phase 
separation into two orthorhombically distorted AlB2-type related phases. They also [26] 
stated that at its Si poor phase boundary, 64 at.% Si, the defect ThSi2-type structure of the 
USi1.88 phase was in equilibrium with an orthorhombic phase, a defect GdSi2-type 
structure [26].  
• The fully ordered stoichiometric compound, USi2, was reported to have an AlB2-
type and a ThSi2-type structure below and above 450 °C, respectively [38]. The USi2 
phase of the AlB2-type structure was thought to be of the form U6Si11O [47]; however, X-
ray investigation showed it to have a well-defined structure closely related to that of 




metastable above 350 °C [42]. The simultaneous existence of both USi1.88 and USi2 has 
not been clearly established. 
• White et al. [16, 43, 57, 58] performed thermophysical property measurements on 
various U-Si (U3Si, U3Si2, USi, and U3Si5) compositions with temperatures up to 1773 K 
and most notably observed a phase transformation in U3Si5 at 723 K. This cannot be 
associated with the transition reported by Brown and Norreys [38] as the composition of 
the White et al. [43] U3Si5 samples were between 62-63 at.% Si and Brown and Norreys’ 
sample composition was reported to be 66.7 at.% Si. 
In this work, the 60- 66 at. % Si region of the phase diagram was examined 
experimentally and supported computationally to identify phase transitions, homogeneity 
ranges, crystal structures, and any additional phases. Analyses of the compositions 
prepared include: (i) structural characterization and phase identification using X-ray and 
neutron diffraction, (ii) compositional analysis employing scanning electron microscopy 
with energy dispersive spectrometry (SEM-EDS), and (iii) phase transition(s) using 
differential scanning calorimetry. Computational methods include: (i) cluster expansion 
(CE) by Dr. V. Kocevski to determine the crystal structures of stable phases in the USi-
USi2 phase space, and (ii) Density Functional Theory (DFT) calculations also by Dr. V. 
Kocevski to determine the stability of the phases with respect to the entire U-Si system. 
5.2. Sample Fabrication and Characterization 
A summary of the targeted and actual compositions of the samples with 
compositions between the 60-75 at.% Si region of the U-Si system is provided in Table 
5.1. The actual sample compositions were determined by mass difference between initial 




(0.00001) place in Table 5.1 due to the sensitivity of the balance used; however, 
throughout the rest of this chapter a sample’s composition in at.% Si will be written to the 
hundredths (0.01) place.  
The samples were prepared by arc melting depleted uranium and silicon using a 
tri-arc furnace (5 TA Reed Tri Arc, Centorr Vacuum Industries, USA) equipped with 
non-consumable 2% thoriated tungsten electrodes and a water-cooled copper hearth 
under an atmosphere of high purity, gettered argon inside of an inert glove box. All the 
materials, fabrication processes, and characterization using SEM-EDS, XRD and neutron 
diffraction were outlined in Chapters 3 and 4 of this work.  
The samples with the compositions 66.71 at.% Si,  64.82 at.% Si, 62 at.% Si, and 
63.04 at.% Si were heat treated for 48 hours, analysed, and heat treated again for an 
additional 24 hours at 1200 °C for a total annealing time of 72 hours. The USi3 sample 
was annealed for 96 hours uninterrupted. To evaluate any phase transformations, 
differential scanning calorimetry (DSC) measurements were conducted using a DSC 404 
F3 Pegasus (Netzsch Instruments) with a heating rate of 20 K min-1 to a final temperature 
of 600°C or 700°C. Multiple thermal cycles were conducted on each sample to detect 
reversible transitions. 
Table 5.1. Target and actual compositions assuming mass lost was due to Si 
volatilization. 
Target composition (U:Si) Actual composition (U:Si) Target at.% Si Actual at.% Si 
1:3 1:2.77454 75 73.50671 
1:2 1:2.01423 66.7 66.83298 
1:2 1:2.00425 66.7 66.71319 
1:1.95 1:1.97264 66.1 66.43669 
1:1.88 1:1.87142 65.3 65.17397 
1:1.88 1:1.82763 65.3 64.63436 
1:1.84 1:1.84284 64.8 64.82392 
1:1.70 1:1.69195 63 62.85212 
1:1.70 1:1.70553 63 63.03861 




5.3. DFT Calculations 
First-principle calculations of the total energies of the different USix 
configurations were performed using DFT as implemented in the Vienna ab initio 
Simulation Package (VASP) [85, 86] pseudopotential code. The generalized gradient 
approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) [118] projector augmented 
wave (PAW) potentials [88, 89] were used to treat the exchange-correlation energy 
density functional and the ion-electron interactions, respectively. For U and Si, the 
valence electron configuration considered for construction of PAW potentials are 
6s26p66d25f27s2 and 3s23p2, respectively. A plane wave basis set with an energy cut-off of 
600 eV was used to expand the electronic wave functions and 10-6 eV energy 
convergence criteria were used for the calculations. The ground state geometries at 0 K 
were optimized by relaxing the cell volume, atomic positions, and cell symmetry until the 
maximum force on each atom is less than 0.001 eV/Å.  
The phonon density of states (DOS) for the relaxed structures at Ueff =1.5 were 
used to evaluate the vibrational entropy of each structure. The phonon calculations were 
performed using the code phonopy [119] with the density functional perturbation theory 
(DFPT) formalism as implemented in VASP.  
5.4. CE Calculations 
CE calculations were used to determine the most stable phases in the USi-USi2 
phase space by computing the configurational energy (i.e., enthalpy (H)) of 
configurations (s) for USi2-x (2 ≤ x ≥ 1) where lattice sites (i) are occupied by either 
silicon or vacancies. The H(s) for a USi2-x configuration determined by s = {si}i is 

















∑ ∑ ∑ sisjskNk=1Nj=1Ni=1 + ⋯   (5.1) 
ml is the number of clusters αl that have interaction strength 𝐽𝐽𝛼𝛼𝑙𝑙and multiplicity  𝑚𝑚𝛼𝛼𝑙𝑙, and l 
is the number of interacting lattice sites and can be any integer. To calculate H(s), a finite 
set of clusters α and coefficients Jα were generated using the MIT ab-initio phase stability 
(maps) code provided with the ATAT toolkit [20-23]. From DFT, an optimized expression 
for H(s) can be generated by using the formation energy ΔEf (Eq.5.2) of a specific 
configuration s.  
∆𝐸𝐸𝑓𝑓 = 𝐸𝐸(𝑈𝑈𝑆𝑆𝑆𝑆2−𝑥𝑥) − [𝑥𝑥𝐸𝐸(𝑈𝑈𝑆𝑆𝑆𝑆) + (1 − 𝑥𝑥)𝐸𝐸(𝑈𝑈𝑆𝑆𝑆𝑆2)], 2 ≤ 𝑥𝑥 ≥ 1   (5.2) 
E (USi2-x), E (USi) and E (USi2) are the free energies of USi2-x, pure USi and pure USi2, 
respectively calculated from DFT. 
5.5. Free Energy Calculations at Finite Temperatures 
In order to evaluate the convex hull at finite temperatures, the Gibbs energy of the 
phases must be calculated, as the energies from DFT calculations are at 0 K. The Gibbs 
energy, G (T), of a phase can be computed using equation 5.3, it is a sum of the total 
energy at 0 K, Etot, plus the electronic, Fel, vibrational, Fvib, magnetic, Fmag, and 
configurational, Fconf contributions. 
𝐺𝐺(𝑇𝑇) = 𝐸𝐸tot + 𝐹𝐹el + 𝐹𝐹vib + 𝐹𝐹mag + 𝐹𝐹conf.      (5.3) 
The thermal electronic contribution to the free energy, Fel, with the temperature 
independent density of states (DOS) determined by Mermin statistics [126] is defined as: 
𝐹𝐹el = 𝐸𝐸el − 𝑇𝑇𝑆𝑆el         (5.4) 
Eel and Sel are the internal energy and bare electronic entropy due to electronic 




𝐸𝐸el = ∫𝑛𝑛(𝜀𝜀)𝑓𝑓(𝜀𝜀)𝜀𝜀d𝜀𝜀 − ∫ 𝑛𝑛(𝜀𝜀)𝜀𝜀d𝜀𝜀
𝜀𝜀𝑓𝑓        (5.5) 
and  
𝑆𝑆el = −𝑘𝑘𝑏𝑏 ∫𝑛𝑛(𝜀𝜀){𝑓𝑓(𝜀𝜀)ln𝑓𝑓(𝜀𝜀) + [1 − 𝑓𝑓(𝜀𝜀)] ln[1 − 𝑓𝑓(𝜀𝜀)] d𝜀𝜀}.   (5.6) 
n (ε) is the electronic DOS, ε the energy eigenvalues, εf  is the energy at the Fermi level, 





          (5.7) 
μ is the chemical potential.   
Based on the distribution of phonon frequencies ω, phonon DOS, and g (ω), the 
vibrational contribution to the free energy, Fvib, was calculated using the equation below: 
Fvib = kbT∫ ln �2sinh
ħω
2kbT
� g(ω)dωωmax0        (5.8) 
ħ is the reduced Planck constant and ωmax is the cut-off phonon frequency. The magnetic 
contribution to the free energy, Fmag, was calculated using: 
𝐹𝐹mag = −𝑇𝑇𝑘𝑘𝑏𝑏ln(〈𝑚𝑚〉 + 1)         (5.9) 
〈𝑚𝑚〉 is the canonical averaged magnetic moment of a phase. Finally, the configurational 
entropy contribution to the free energy, Fconf, was computed using the equation: 
𝐹𝐹confCE = −𝑇𝑇𝑘𝑘𝑏𝑏[𝑛𝑛U′ 𝑥𝑥U′ ln𝑥𝑥U′ + 𝑛𝑛Si′ (𝑥𝑥Si′ ln𝑥𝑥Si′ + 𝑥𝑥Vac′ ln𝑥𝑥Vac′ )]    (5.10) 
𝑛𝑛U′  and 𝑛𝑛Si′  are the number of U and Si atoms in the USi2 supercell structure, respectively, 
and 𝑥𝑥U′ , 𝑥𝑥Si′ , and 𝑥𝑥Vac′  are the mole fraction of U, Si, and vacancies, respectively. 
5.6. Results
Both the XRD pattern (Figure 5.1) and the SEM backscatter image (Figure 5.2) 
show that the 73.51 at.% Si sample annealed for 96 hours at 1200 °C is composed of two 




and the images showing the spots for each EDS point are provided in Appendix A. The 
primary phase was identified as USi3 (Phase 1) and the minor phase as USi2-x (Phase 2) 
which is in good agreement with the XRD analysis, which was indexed using the cubic 
structure (Pm-3m) for USi3 and the tetragonal defect-ThSi2-type structure (I41/amd) for 
USi1.84. Using the Reference Intensity Ratio (RIR) method, the sample was composed of 
97.9(3) wt.% USi3 and 2.1(3) wt% USi1.84. As can be seen in Figure 5.3, there was no 
phase transition for the 73.51 at.% Si sample between room temperature to 600 °C. 
Table 5.2. EDS data for the 73.51 at.% Si sample. 
 
The elemental compositions of the phases in the 66.83 at.% Si, 66.71 at.% Si, and 
66.44 at.% Si samples are provided in Table 5.3 and show that all three samples 
contained the same primary (USi2-x) and secondary (USi3) phases. Based on EDS 
analysis, the primary phase was calculated as USi1.92±0.48 and the secondary phase as 
USi3.05±0.61. Provided in Figure 5.4 and Figure 5.5 are representative SEM backscatter 
images and XRD patterns for each sample annealed for 48 hours at 1200 °C. 
Additionally, Figure 5.5 provides the microstructure for the 66.83 at.% Si sample 
annealed for 72 hours. The XRD patterns were indexed using the cubic structure (Pm-3m) 
for USi3 and the tetragonal defect-ThSi2-type structure (I41/amd) for USi1.84 [26] and the 
Phase 1 wt.% U at.% U wt.% Si at.% Si 
 73.88 25.02 26.12 74.98 
 73.69 24.84 26.31 75.16 
 73.80 24.95 26.20 75.05 
 73.41 24.57 26.59 75.43 
 73.50 24.66 26.50 75.34 
 73.09 24.27 26.91 75.73 
 73.32 24.48 26.68 75.52 
Average 73.53±0.26 24.68±0.25 26.47±0.26 75.32±0.25 
Phase 2 wt.% U at.% U wt.% Si at.% Si 
 81.12 33.64 18.88 66.36 
 80.85 33.25 19.15 66.75 
 80.99 33.46 19.01 66.54 
 81.03 33.51 18.97 66.49 
 81.85 34.74 18.15 65.26 
 81.59 34.34 18.41 65 .66 
 81.32 33.94 18.68 66.06 




phase fraction of USi3 was calculated as 14.9±5 wt%, 10.78±2wt%, and 7.4±5 wt% for 
the 66.44 at.% Si, 66.71 at.% Si, and 66.83 at.% Si samples, respectively. The phase 
fraction of USi3 in the 72 hours annealed 66.83 at.% Si sample was 3.3±1 wt.%.  
























Figure 5.1. XRD pattern for 96 h annealed 73.51 at.% Si sample. The sample was 
indexed with USi1.84 reference PDF-01-081-2242 and USi3 reference PDF-03-065-
0607 [26]. 
Figure 5.2. SEM backscatter of the 73.51 at.% Si sample showing two phases. A Si-
rich primary phase (dark gray) identified as USi3 and a U-rich secondary phase (light 





Figure 5.3. Thermal analysis of the 73.51 at.% Si sample.
Thermal analysis was performed on the 66.83 at.% Si and the 66.44 at.% Si 
samples with a heating rate of 20 K/min from room temperature to 700 °C. The plots 
provided in Figure 5.6 indicated an endothermic transition at 190.25 °C and 195.1 °C for 
the 66.83 at.% Si and the 66.44 at.% Si samples. Furthermore, the 66.44 at.% Si sample 
also contained a much smaller peak at 437.6 °C, which is representative of another 
endothermic transition. After the 66.83 at.% Si sample returned to room temperature, the 
button fragments were grounded for an additional XRD measurement (purple curve in 
Figure 5.5). There were no noticeable differences in the XRD patterns.  
The 64.63 at.% Si sample annealed for 72 hours at 1200 °C appeared to be single 
phase based on both the SEM backscatter image and XRD analysis which are displayed 
in Figure 5.7 and Figure 5.8, respectively. The XRD pattern for the as melted sample and 
the 48 hours annealed sample are also provided in Figure 5.8 and they clearly showed the 




sample was estimated as USi1.86±0.48 using the elemental compositions provided in Table 
5.4. Thermal analysis on the 48 hours annealed sample showed an endothermic transition 
similar to one found in the 66.83 and 66.44 at.% Si samples, occurring at approximately 
183 °C.  
 
Figure 5.4. SEM backscatter images for the 66.44, 66.71, and 66.83 at.% Si samples. 
(bottom left) was annealed for 48 hours and (bottom right) was annealed for 72 hours. 
Magnification 250x and acceleration voltage 20.0 kV.  
 
Figure 5.5. XRD patterns for the 66.83 at.% Si and 66.71 at.% Si and 66.44 at.% samples. 
All were indexed using USi1.84 reference (blue) PDF-01-081-2242 and USi3 reference 
(red) PDF-03-065-0607 [26]. The pattern in purple (66.83 at.% sample) was collected 
after thermal analysis measurements were made. Inset shows multiple peaks over lapping 




Table 5.3. EDS analysis of the 66.83 at.% Si and 66.71 at.% Si and 66.44 at.% samples. 
66.83 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si 
 81.61 34.36 18.39 65.64 
 81.21 33.78 18.79 66.22 
 81.97 34.91 18.03 65.09 
 81.4 34.05 18.6 65.95 
 81.59 34.34 18.41 65.66 
 81.59 34.34 18.41 65.66 
Average 81.56±0.23 34.30±0.34 18.44±0.23 65.70±0.34 
66.83 at.% Si (Phase 2) wt.% U at.% U wt.% Si at.% Si 
 73.06 24.24 26.94 75.76 
 74.17 25.3 25.83 74.7 
 73.59 24.74 26.41 75.26 
 73.91 25.05 26.09 74.95 
 73.06 24.24 26.94 75.76 
Average 73.56±0.45 24.71±0.43 26.44±0.45 75.29±0.43 
66.71 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si 
 81.71 34.52 18.29 65.48 
 81.74 34.56 18.26 65.44 
 81.81 34.67 18.19 65.33 
 81.33 33.95 18.67 66.05 
 81.08 33.59 18.92 66.41 
 80.95 33.4 19.05 66.6 
 81.36 33.99 18.64 66.01 
 81.37 34.01 18.63 65.99 
 81.28 33.87 18.72 66.13 
 81.55 34.28 18.45 65.72 
 81.54 34.26 18.46 65.74 
Average 81.43±0.26 34.10±0.38 18.57±0.26 65.90±0.38 
66.71 at.% Si (Phase 2) wt.% U at.% U wt.% Si at.% Si 
 73.67 24.82 26.33 75.18 
 73.81 24.96 26.19 75.04 
 73.53 24.68 26.47 75.32 
 73.09 24.27 26.91 75.73 
 73.75 24.9 26.25 75.1 
 74.87 26.01 25.13 73.99 
Average 73.79±0.54 24.94±0.53 26.21±0.54 75.06±0.53 
66.43 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si  
81.45 34.12 18.55 65.88  
81.53 34.24 18.47 65.76  
81.17 33.72 18.83 66.28  
81.73 34.55 18.27 65.45 
Average 81.47±0.20 34.16±0.30 18.53±0.20 65.84±0.30 
66.43 at.% Si (Phase 2) wt.% U at.% U wt.% Si at.% Si  
73.46 24.62 26.54 75.38  
73.43 24.59 26.57 75.41  
73.04 24.23 26.96 75.77  
73.63 24.79 26.37 75.21 





Figure 5.6. Differential thermal analysis on the 48-hour annealed 66.83 and 66.44 at.% Si 
samples.  
Table 5.4. EDS data for the 64.63 at.% Si sample. 
64.63 at.% Si  wt.% U at.% U wt.% Si at.% Si  
81.81 34.67 18.19 65.33  
82.01 34.98 17.77 65.02  
81.65 34.43 18.35 65.57  
81.85 34.74 18.15 65.26  
81.95 34.89 18.05 65.11  
81.27 35.37 17.73 64.63  
82.6 35.52 17.64 64.48  
81.88 34.78 18.12 65.22 
 82.00 34.92 18.03 65.08 
Average 82.00±0.34 34.92±0.22 18.03±0.34 65.08±0.34 
 
 
Figure 5.7. SEM backscatter image for the 64.63 at.% Si sample after 72-hour annealing. 
Magnification 250x and acceleration voltage 20 kV. The sample appears homogeneous. 







 48 h annealed 66.83 at.% Si 
 48 h annealed 66.44 at.% Si























Figure 5.8. XRD Pattern for the 64.63 at.% Si sample. The pattern for the as melted 
(black) showed three phases USi1.67 (PDF-01-072-3223), USi1.84 (PDF-01-081-2242) and 
USi3 (PDF-03-065-0607). The USi1.67 peaks mostly disappeared in the 48 hours annealed 
sample (purple), then both USi1.67 and USi3 completely disappeared in the 72 hours 
annealed sample (orange). Note the onset shows the region between 42-60 2θ where the 
difference for the three environments can be seen more clearly.
Displayed in Figure 5.9 are representative microstructures for the samples 
annealed at 48 and 72 hours. The microstructure of both samples annealed for 48 hours 
have U-rich fine particles distributed throughout the Si-rich matrix while the 72 hours 
annealed samples showed a mostly homogeneous Si-rich phase. The elemental 
composition of the 2 phases in the 72 hours annealed 62.32 at.% Si and the 63.04 at.% Si 
samples are provided in Table 5.5. The primary phases were computed as USi1.63±0.52 and 
USi1.71±0.86 for 62.32 at.% Si and the 63.04 at.% Si, respectively. There were U-rich 






Figure 5.9. Representative microstructure for the 48-
hour annealed (top) and 72-hour annealed (bottom) 
62.23 at.% Si (left) and 63.04 at.% Si (right) samples. 
The XRD pattern for the 62.32 at.% Si sample in the as melted and 48 hours 
annealed conditions are provided in Figure 5.10 are compared to those of the 63.04 at.% 
Si sample in the as melted, 48 hours annealed, and 72 hours annealed conditions. The 
XRD pattern for both samples in the as melted as 48 hours annealed conditions are 
similar with small deviations in intensity. The XRD pattern for the 72 hours annealed 
63.32 at. % Si sample showed new diffraction peaks that could not be indexed with any 
of the known U-Si structures.  
 
Figure 5.10. XRD patterns for the 62.32 at.% Si and the 62.32 at.% Si samples. The 
patters were indexed with USi1.67 (PDF-01-072-3223), USi1.84 (PDF-01-081-2242) and 





Table 5.5. EDS data for the 72 hours annealed 62.23 at.% Si and 63.04 at.% Si samples. 
63.04 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si  
82.92 36.42 17.08 63.58  
83.18 36.86 16.82 63.14  
83.54 37.45 16.46 62.55  
83.76 37.84 16.24 62.16  
83.5 37.39 16.5 62.61  
82.19 35.25 17.81 64.75  
83.13 36.77 16.87 63.23  
83.04 36.61 16.96 63.39  
83.06 36.65 16.94 63.35  
83.55 37.47 16.45 62.53  
82.78 36.2 17.22 63.8  
83.21 36.9 16.79 63.1  
83.23 36.94 16.77 63.06  
83.43 37.26 16.57 62.74  
83.45 37.3 16.55 62.7  
83.58 37.52 16.42 62.48 
Average 83.22±0.37 36.93±0.61 16.78±0.37 63.07±0.61 
63.04 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si  
84.88 39.84 15.12 60.16  
85.92 41.87 14.08 58.13  
88.13 46.7 11.87 53.3 
Average 86.31±1.36 42.80±2.88 13.69±1.36 57.20±2.88 
62.32 at.% Si (Phase 1) wt.% U at.% U wt.% Si at.% Si 
 83.87 38.03 16.13 61.97 
 84.09 38.4 15.91 61.6 
 84.22 38.65 15.78 61.35 
 84.04 38.32 15.96 61.68 
 84 38.25 16 61.75 
 84.08 38.4 15.92 61.6 
 83.85 37.99 16.15 62.01 
 83.45 37.3 16.55 62.7 
 83.57 37.5 16.43 62.5 
 83.63 37.61 16.37 62.39 
 83.82 37.94 16.18 62.06 
 84.11 38.44 15.89 61.56 
 83.84 37.97 16.16 62.03 
 83.92 38.11 16.08 61.89 
Average 83.89±0.21 38.11±0.37 16.11±0.21 61.94±0.37 
62.32 at.% Si (Phase 2) wt.% U at.% U wt.% Si at.% Si 
 91.51 55.98 8.49 44.02 
 91.4 55.64 8.6 44.36 
 91.55 56.12 8.45 43.88 
 89.88 51.16 10.12 48.84 
 91.78 56.86 8.22 43.14 
 91.76 56.77 8.24 44.55 
 91.34 55.45 8.66 44.06 
Average 91.34±0.57 55.49±1.70 8.66±0.57 44.69±1.71 
Both the 62.32 at.% Si and the 63.04 at.% Si samples in the as melted, 48-hour 
annealed, and 72-hour annealed conditions were subjected to DSC measurements. Figure 
5.11 shows the results for the 48 and 72-hour annealed conditions.  Both 48-hour samples 
showed an endothermic transition at approximately 450 °C. The 72-hour annealed 62.32 




at.% Si sample showed an endothermic transition at approximately 310 °C. For all 
transition a 5-10 °C difference was observed between heating and cooling, indicative of 
undercooling.  
 
Figure 5.11. DSC measurements for the 62.32 and 63.04 at.% Si samples
Neutron diffraction measurements were collected upon heating of the 63.05 at.% 
Si sample from room temperature to 1100 °C and again on cooing  from 1100 °C to 
500˚C. A plot of the raw data and the room temperature Rietveld refinement are provided 
in Figure 5.12 and Figure 12.13, respectively. By examination of the raw data upon 
heating (Figure 5.12a) there are small peaks observed in the sample from RT to 400 °C 
that remained at relatively the same position and intensity until they were no longer 
apparent at 425°C. Unfortunately, data was not collected below 500 ˚C upon cooling to 
capture this phenomenon; However, additional room temperature data was collected one 
year after the high temperature measurements and Figure 5.12c displays the same peaks 
at relatively the same positions and intensities. At attempt was made to refine the data 





Figure 5.12. Neutron diffraction data collected on 63.04 at.% Si. (a) shows the data 
collected upon heating, the peaks that are marked (*) disappeared by 425 °C. (b) data 
collected upon cooling, the peaks small peaks are not observed.(c) shows the data 
collected at room temperature 1 year later (red) compared to the initial room temperature 
data (black) and the small peaks are present.  
 
Figure 5.13. Refinement of initial room temperature along with the difference curve 




The temperature dependent U-Si convex hull and the phonon density of state for 
phases in the USi2-x region of the phase diagram are provided in Figure 5.14 and Figure 
5.15, respectively. The inset in Figure 5.14 shows that the USi1.70 (63 at.% Si) phase is on 
the convex hull at each of the studied temperatures. The U3Si5 (62.5 at.% Si) phase is 
only on the convex hull at temperatures below -90 °C, suggesting that the hexagonal 
AlB2-type structure has a composition that is closer to 63 at.% rather than the 62.5 at.% 
Si. The USi1.80 (64.3 at.% Si) was found on the convex hull at T < 580 °C whereas the 
USi1.875 (64.2 at. % Si) T > 510 °C. The USi1.7, USi1.8 and USi1.875 phases were found to 
be dynamically unstable, having imaginary phonon frequencies. USi2, the hexagonal 
AlB2-type phase, was found to have a more negative formation energy compared to the 
tetragonal ThSi2-type phase and was found to be dynamically stable. However, in relation 
to the entire U-Si system both of the USi2 phases were predicted to be metastable. 
 
Figure 5.14. Temperature dependent Gibbs energy of formation, ΔG, of the U–Si phases 





Figure 5.15. Phonon density of states (DOS) of the U–Si phases considered 
in the DFT+U study, calculated using Ueff = 1.5 eV. 
5.7. Discussion 
The AlB2-type USi2 phase with the exact composition of 66.7 at.% Si was 
fabricated by Brown and Norreys [38] by reacting elemental U and Si in liquid bismuth at 
450 °C while the ThSi2-type USi2 was fabricated by Sasa et al. [42] by leaching excess 
uranium from USi1.88 in to a 1:1 HCl solution in air for a day. The AlB2-type USi2 phase 
decomposed at 450 °C [38] and the ThSi2-type was reported as metastable at ambient 
temperature and pressure [42]. In this study, three samples with compositions 73.51 at.% 
Si, 66.83 at.% Si, and 66.71 at.% Si were fabricated by arc melting and heat treated at 




phases was observed. Remschnig et al. [26] reported that the AlB2-type USi2 phase as 
metastable appearing in samples analyzed in the as melted condition.  
DFT results found both the AlB2-type and ThSi2- type USi2 phases to be 
metastable with the AlB2-type phase being more stable relative to the ThSi2-type phase. 
The phonon DOS (Figure 5.13) for the AlB2-type USi2 phase shows that it was 
dynamically stable, and with a formation energy that was only 2 meV above the convex 
hull. It is possible that different synthesis methods could result in the formation of the 
metastable phase and this could provide an explanation for the inconsistency in the 
experimental results concerning the USi2 phases. It is recommended that neither of the 
USi2 phases be considered as an equilibrium phase based on both experimental and 
computational results. 
The USi1.88 ( 65.27 at.% Si) phase, or α-USi2, was reported to be isostructural to 
the tetragonal ThSi2 structure and can be derived from the USi2 tetragonal structure by 
creating one vacant silicon lattice-site in each pair of tetragonal structure cells [38]. 
Remschnig et al. [26] reported that the actual stoichiometry of the phase is USi1.84 (64.78 
at.% Si), which is in agreement with this study where the 64.63 at.% Si sample annealed 
for 72 hours at 1200 °C was observed to be single phase. XRD patterns were collected for 
this sample in the as melted, 48-hour and 72-hour annealed conditions (Figure 5.8). The 
as melted sample contained three phases: U3Si5, USi3 and USi1.84. The U3Si5 phase 
disappeared after annealing for 48 hours and the USi3 phase disappeared after 72 hours of 
annealing. All other samples above this composition were two phase mixtures of USi1.84 
and USi3. The stoichiometry was based on mass difference was determined to be USi1.82 




standard calibrations and EDS tends to overestimate the U composition in the U-Si  
phases. DSC measurement on the 48-hour annealed sample showed a small endothermic 
peak at ~180 °C upon heating from room temperature to 700 °C at 20 K/min; however, 
upon cooling and 2 other heating cycles there were no observable transitions. This 
endothermic transition was observed in the two-phase samples (66.83 at.% Si, and 66.71 
at.% Si) suggesting it could a property of the USi3 phase. Further analysis is outside the 
scoop of this work. Overall the results obtained here for the tetragonal phase is in 
agreement with Remschnig et al. [26]. Dwight [40] and Vaugyeau et al. [39] reported a 
possible homogeneity range. However, samples above the 64.63 at.% Si compositions 
were all mixtures of  USi3 and USi1.84 of different phase fractions, hence representing the 
USi1.84 phase as a line compound is sufficient.  
The U3Si5 phase is the most complex of the phases in the USi2-x region. It is 
evident that the phase is not a line compound as the 62.32 at.% Si sample and the 63.04 
at.% sample had identical XRD patterns, microstructure morphology, and phase 
transitions and this agrees with previous work [26, 39, 40]. The microstructure, as seen in 
Figure 5.9, of the samples containing this phase showed fine particles rich in uranium 
distributed throughout the sample and along grain boundaries and contains 
microcracking. Since these microcracks tend to change direction with the grains, they 
could be the product of the 450 °C phase transition which causes volume changes in 
misoriented grains and fail along low energy cleavage planes.  
The XRD analysis for the as melted and 48 hours annealed 62.32 at.% Si and the 
63.04 at.% samples revealed two high temperature phases that are isostructural forms of 




Remschnig et al. [26]. However, refinement of the room temperature neutron diffraction 
data showed that the sample had only one hexagonal structure.   
The 450 °C transition that was reported by White et al. [38] was observed in this 
work from the DSC measurements of the 62.32 at.% Si and the 63.04 at.% samples 
annealed at 48 hours and in neutron diffraction data. However, the 63.04 at.% sample 
annealed for 72 hours showed a shift in the transition to a lower temperature (310 °C), 
and the XRD pattern was different from that of the 48-hour annealed and as melted 
samples. The disappearing and reappearing of the peaks in the neutron data are indicative 
of a first order phase transition and it could be speculated as a martensitic transformation. 
DFT results showed that there are several different thermodynamically stable 
compositions in this regime; however, finding the one that is dynamically stable will 
require significant computational power and was outside the scope of this work. If this 
transition was a martensitic transformation, it was not a part of the system in equilibrium. 
However, since this phase will influence the mechanical properties of the U3Si5 phase, 
further work is suggested.  
5.8. Conclusions 
The USi2-x phase field was examined by both experimental and  computational 
methods. The stoichiometric USi2 phase was found to be metastable and depend on the 
fabrication environment, the phase may be formed. As such, it is recommended that the 
phase not be a part of the U-Si equilibrium phase diagram. The composition of the 
tetragonal α-USi2 phase was found to be USi1.82 after annealing for 72 hours at 1200 °C, 




The U3Si5 phase was found to exhibit a homogeneity range at temperatures above 
450 °C and was found to exist with another unidentified phase from room temperature to 
425 °C. The nature of this other phase is unclear and further work is suggested. As far as 
the equilibrium phase diagram is concerned, it is recommended that this phase transition 










The objective of this chapter is to generate a thermodynamic database for the 
uranium-silicon phase equilibria that can be used when modeling the behavior of silicide 
fuel. To better understand the U-Si phase equilibria and produce necessary data for an 
assessment, computational and experimental analyses were performed on the U3Si2-USi3 
phase field to elucidate the uncertainties pertaining to this region of the phase diagram. 
The FactSage thermochemical software and database package [127] was used to perform 
a CALPHAD (Calculation of Phase Diagram) optimization of the U-Si system resulting 
in a self-consistent database, which was used to calculate the equilibrium phase diagram 
and other thermodynamic properties.  
The U-Si phase equilibria was previously assessed in 2009 by Berche et al. [21] 
and again in 2016 by Wang et al. [22], using the CALPHAD methodology.  In their 
assessment, Berche el al. [21] did not account for the following in their optimization:  
• The allotropic phase transition at 770 ˚C for the U3Si phase determined by 
Kimmel et al. [46] and was confirmed by Dwight [40] and Remschnig et al. [26].  
• The U5Si4 phase discovered by Noel et al. [44] and the USi2 phase by Brown and 
Norreys [38].  
• The solubility of U in silicon at high temperatures and the homogeneity ranges 
proposed for U3Si2, U3Si5, and USi1.88 [39, 113].  
Furthermore, new calorimetric measurements for the heat capacities of the U3Si, 
USi, U3Si2 and U3Si5 phases [16, 43, 57, 58] and enthalpy of formation for the USi 
(tetragonal structure), U3Si2 and U3Si5 (63.10 at.% Si) phases [56] occurred after their 




[22] included the USi2 and U5Si4 phases in their assessment, they suggested further 
experimental work was needed to determine if these phases were in equilibrium or if they 
were metastable phases. Like the assessment by Berche et al. [21], Wang et al. [22] 
represented the U3Si2 and the U3Si5 phases as line compounds and new experimental 
measurements were made after their assessment. In this work, before the optimization 
was performed, the nonstoichiometry of the U3Si2 and U3Si5 phases and the stability of 
the U5Si4 were determined.  
The non-stoichiometry of the U3Si2 phase was determined by high temperature 
neutron analysis and DFT predictions of point defect concentration and formation 
energies and was discussed in Chapter 3. Experimental results indicated that U3Si2.01 was 
indeed single phase from room temperature to 1100 ˚C and DFT predicted that interstitial 
Si concentration can lead to non-stoichiometry in U3Si2 in a U-rich (i.e. in equilibrium 
with U3Si), Si-rich (equilibrium with USi), and near stoichiometric environment. 
Middleburg el at. [23] also showed the non-stoichiometry in U3Si2 (U3Si1.97 to U3Si2.05) 
starting at 1000 °C using only the enthalpy of formation and applying a scaling factor. 
Therefore, in this work, the U3Si2 phase is modeled as a nonstoichiometric solution 
phase. 
The phase stability of the U5Si4 phase was investigated experimentally by using 
XRD, SEM-EDS, and Rietveld refinement techniques and the details are provided in 
Chapter 4 of this work. It was also checked computationally by phonon density of state 
and by the energy of formation relative to the entire U-Si system [27]. The formation 
energy of U5Si4 phase was located only 2 meV above the convex hull; but, it was found 




technique, it may be possible to form a metastable phase. Since both experimental and 
computational analyses are in agreement regarding metastability of  U5Si4, it was not 
included in our optimization of the phase diagram.  
In Chapter 5, it was shown that the U3Si5 composition can range from 62.4 <  
at.% Si < 64. A sample with the composition 64.63 at.% Si contained USi3, U3Si5, and 
USi1.84 in the as melted condition; however, after annealing the phase equilibrated to 
USi1.84. Compositions greater than 64.63 at.% Si were a two-phase mixture of USi1.84 and 
USi3. Therefore, the USi1.84 will be modeled as a line compound while U3Si5 will be 
modeled as a solid solution.  
6.2. CALPHAD Methodology  
CALPHAD method is a commonly used for calculating phase diagrams and 
predicting thermodynamic properties of a given system through critical assessment of 
available experimental and/or theoretical data. The CALPHAD method uses 
mathematical models with adjustable parameters to represent Gibbs energy functions of 
the phases as a function of temperature, pressure, and composition and calculates the 
thermodynamic equilibrium by minimizing the Gibbs energy of the system [128, 129]. 
These functions are stored in a database and are used to calculate phase diagrams and 
thermodynamic properties. These databases are constructed by incorporating phase 
diagram data, thermochemical data, and physical and crystallographic properties of the 
phases [130].  
The first step in the CALPHAD method is to perform a thorough literature search 
and critically evaluate all the available data. The type of data to search for include; (i) 




data, (ii) the phase diagram data such as the liquidus temperatures and the phase 
transition reactions, (iii) crystallographic information of solid phases [131], and first-
principles calculations of total energies [132]. When evaluating the experimental data, 
critical attention is payed to the experimental technique, experimental conditions, sample 
purity, quantities measured, phases present within the system, and accuracy of the 
measurements as there are many types of equipment utilized to collect the same 
information. First-principles data are normally used when there are no available 
experimental data. During the literature search, the possibility of finding previous 
assessments for the system of interest exists. In such cases, careful examination of the 
Gibbs energy models used for describing the system is necessary as it may be possible to 
improve the system. The second step is to develop a mathematical model for G (T, P, 
composition) for each phase (liquid, solid phases, gas …) and to optimize model 
parameters simultaneously using all available thermodynamic and phase equilibrium data 
obtained from the first step. The third step is to use the models to calculate phase 
diagrams and other thermodynamic properties by minimization of the Gibbs energy. The 
fourth and final step is to use the calculated phase equilibria to develop a database.  
6.3. Thermodynamic Models 
 The Gibbs energy of a phase can be expressed as follows: 
𝐺𝐺𝑚𝑚 =  𝐺𝐺
𝑟𝑟𝑟𝑟𝑓𝑓
𝑚𝑚 + 𝐺𝐺𝑆𝑆𝑑𝑑 𝑚𝑚 + 𝐺𝐺𝐸𝐸 𝑚𝑚 +  𝐺𝐺
𝑝𝑝ℎ𝑦𝑦
𝑚𝑚      (6.1) 
𝐺𝐺𝑆𝑆𝑑𝑑 𝑚𝑚 =  −𝑇𝑇𝑆𝑆𝑑𝑑𝑆𝑆         (6.2) 
Where refGm is the “surface of reference”, which represents the Gibbs energy of the 
mechanical mixture of the constituents of the phase. idGm is the contribution of 




is the configuration entropy, which is determined by the number of possible arrangements 
of the constituents in a phase. EGm is the excess Gibbs energy, the Gibbs energy change 
from the ideal solution to the real solution. phyGm represents the Gibbs energy contribution 
of physical phenomena, such as magnetic transitions. 
6.3.1. The Gas Phases 
 The gases in the U-Si system are Sg, Ug, Si2(g) and Si3(g) gases. The Gibbs energy 
functions for the gases are taken from the SGTE database complied by Dinsdale [133].  
6.3.2. Elements 
The molar Gibbs energy °Gi of a pure element i in a phase at Temperature and 
pressure of 105 Pa, relative to the “Standard Element Reference” 𝐻𝐻𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆, is described  by a 
power series such as: 
°𝐺𝐺𝑆𝑆 − 𝐻𝐻𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆 =  𝑎𝑎0 + 𝑎𝑎1𝑇𝑇 + 𝑎𝑎2𝑇𝑇𝑇𝑇𝑛𝑛(𝑇𝑇) + 𝑎𝑎3𝑇𝑇2 + 𝑎𝑎4𝑇𝑇3 + 𝑎𝑎5𝑇𝑇−1 + ⋯ . ,𝑇𝑇1 < 𝑇𝑇 < 𝑇𝑇2 (6.3) 
a1,  a2, a3, … are coefficients, 𝐻𝐻𝑆𝑆𝑆𝑆𝐸𝐸𝑆𝑆 is the enthalpy of the pure element i in its reference 
state. Since the Gibbs energy has no absolute value, it is necessary to refer the Gibbs 
energy of all phases to the same reference point for each element. It is common practice 
to choose the reference state to be the most stable phase at 298.15 K, 105 Pa. the 
temperature of T1 and T2 determines the range of the power series.  
 In this work, the molar Gibbs energy of the pure uranium and silicon are the 
recommended SGTE values compiled by Dinsdale [133].  
6.3.3 Stoichiometric  Phases 
 The molar Gibbs energies for stoichiometric phases can be described by 
°𝐺𝐺𝑇𝑇 =  °𝐻𝐻𝑇𝑇 −   𝑇𝑇°𝑆𝑆𝑇𝑇         (6.4) 
°𝐻𝐻𝑇𝑇 = ∆ 𝐻𝐻𝑓𝑓°298.15𝐾𝐾 + ∫ 𝐶𝐶𝑝𝑝𝑑𝑑𝑇𝑇
𝑇𝑇




°𝑆𝑆𝑇𝑇 = ∆ 𝑆𝑆𝑓𝑓°298.15𝐾𝐾 + ∫ (𝐶𝐶𝑝𝑝/𝑇𝑇)𝑑𝑑𝑇𝑇
𝑇𝑇
298.15 𝐾𝐾       (6.6) 
6.3.4. Two Sublattice Partial Ionic Liquid (TSPIL) Model 
The partially ionic two sublattice model [129] is used to model liquid phases as: 
( 𝐶𝐶𝑆𝑆
+𝑎𝑎𝑆𝑆)𝑃𝑃(𝐴𝐴𝑗𝑗
−𝑎𝑎𝑗𝑗 ,𝑉𝑉𝑎𝑎𝐵𝐵𝑘𝑘0)𝑄𝑄  where C, A, VA and B denotes cation, anion, vacancy, and 
neutrally charged specie, respectively. Charge neutrality necessitates that Q and P vary 
such that: 
P = ∑ υAyS + QyVAA          (6.7) 
Q =  ∑ vCyCC           (6.8) 
vA and yA are the charge and site fractions of the anion species and  vC and yC are the 
charge and site fraction of the cation species C, respectively. 
 The Gibbs energy of an ionic  liquid can be expressed as: 
𝐺𝐺𝑚𝑚 =  ∑∑𝑦𝑦𝐶𝐶𝑆𝑆 𝑦𝑦𝐴𝐴𝑆𝑆°𝐺𝐺𝐶𝐶𝑆𝑆:𝐴𝐴𝑆𝑆 + 𝑄𝑄�𝑦𝑦𝑉𝑉𝑎𝑎 ∑ 𝑦𝑦𝐶𝐶𝑆𝑆 °𝐺𝐺𝐶𝐶𝑆𝑆 + ∑𝑦𝑦𝐵𝐵𝑘𝑘 °𝐺𝐺𝐵𝐵𝑘𝑘� +   (6.9) 
𝑅𝑅𝑇𝑇 �𝑃𝑃 ∑ 𝑦𝑦𝐶𝐶𝑆𝑆 𝑇𝑇𝑛𝑛𝑦𝑦𝐶𝐶𝑆𝑆 + 𝑄𝑄 �∑𝑦𝑦𝐴𝐴𝑗𝑗 𝑇𝑇𝑛𝑛𝑦𝑦𝐴𝐴𝑗𝑗 + 𝑦𝑦𝑉𝑉𝑎𝑎 𝑇𝑇𝑛𝑛𝑦𝑦𝑉𝑉𝑎𝑎 + ∑𝑦𝑦𝐵𝐵𝑘𝑘 𝑇𝑇𝑛𝑛𝑦𝑦𝐵𝐵𝑘𝑘�� + 𝐺𝐺𝑚𝑚
𝐸𝐸     
Where °𝐺𝐺𝐶𝐶𝑆𝑆:𝐴𝐴𝑆𝑆 is the Gibbs energy of formation for vi + vj moles of atoms of the 
endmembers CiAj while °𝐺𝐺𝐶𝐶𝑆𝑆:𝐴𝐴𝑆𝑆 and °𝐺𝐺𝐶𝐶𝑆𝑆:𝐴𝐴𝑆𝑆 are the formation values for Ci and Bk.  
6.3.5. Solid Solutions 
The compound energy formalism (CEF) was introduced by Hillert [134] to 
describe the Gibbs energy of solid phases with sublattices. These phases have two or 
more sublattices and at least one of these sublattices has a variable composition. Ideal 
entropy of mixing is assumed on each sublattice. This model is generally used to model 




Here, a solution phases with two sublattices, (A,B)a(C,D)b, will be used as an 
example to illustrate the compound energy formalism. In this model, components A and 
B can mix randomly on the first sublattice, as do the components C and D on the second 
sublattice. a and b are the corresponding stoichiometric coefficients. Site fraction 𝑦𝑦𝑆𝑆𝑠𝑠 is 
introduced to describe the constitution of the phase and is defined as follows: 




          (6.10) 
𝑛𝑛𝑆𝑆𝑠𝑠 is the number of component i on sublattice (s) and 𝑁𝑁𝑠𝑠 is the total number of sites on 
the same sublattice. When vacancies are considered in the model, the site fraction 
becomes: 







         (6.11) 
𝑛𝑛𝑉𝑉𝐴𝐴𝑠𝑠  is the number of vacancies on sublattice (s). The site fraction can be transferred to 
mole fraction (xi) using the equation below: 






         (6.12) 
When each sublattice is only occupied by one component, then end-members of the phase 
are produced. In the present case, four end-members exist. They are AaCb, AaDb, BaCb 
and BaDb. The surface of reference refGm is expressed as: 
𝐺𝐺𝑚𝑚 =  𝑦𝑦1𝑦𝑦2°𝑟𝑟𝑟𝑟𝑓𝑓 𝐺𝐺𝐴𝐴:𝐶𝐶 + 𝑦𝑦1𝑦𝑦2°𝐺𝐺𝐴𝐴:𝐷𝐷 +  𝑦𝑦1𝑦𝑦2°𝐺𝐺𝐵𝐵:𝐶𝐶 + 𝑦𝑦1𝑦𝑦2°𝐺𝐺𝐵𝐵:𝐷𝐷   (6.13) 
The ideal entropy (idSm ) and the excess free energy are expressed as follows: 
𝑆𝑆𝑆𝑆𝑑𝑑 = −𝑅𝑅[𝑎𝑎(𝑦𝑦𝐴𝐴1𝑇𝑇𝑛𝑛𝑦𝑦𝐴𝐴1 + 𝑦𝑦𝐵𝐵1𝑇𝑇𝑛𝑛𝑦𝑦𝐵𝐵1) + 𝑏𝑏(𝑦𝑦𝐶𝐶2𝑇𝑇𝑛𝑛𝑦𝑦𝐶𝐶2 + 𝑦𝑦𝐷𝐷2𝑇𝑇𝑛𝑛𝑦𝑦𝐷𝐷2)]    (6.14) 




The binary interaction parameters 𝐿𝐿𝑆𝑆,𝑗𝑗:𝑘𝑘 represent the interaction between the constituents i 
and j in the first sublattice when the second sublattice is only occupied by constituent k. 
These parameters can be further expanded with Redlich-Kister polynomial as follows: 
𝐿𝐿𝑆𝑆,𝑗𝑗:𝑘𝑘 = ∑ (𝑦𝑦𝑆𝑆1 − 𝑦𝑦𝑗𝑗1)𝜈𝜈 ∙𝜈𝜈 𝐿𝐿𝑆𝑆,𝑗𝑗:𝑘𝑘𝜈𝜈  (6.16) 
In the case of a three sublattice model: 
𝐺𝐺𝑚𝑚 =  ∑ 𝑦𝑦𝑆𝑆𝐼𝐼 ∑ 𝑦𝑦𝑗𝑗𝐼𝐼𝐼𝐼 ∑ 𝑦𝑦𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼°𝑘𝑘 𝐺𝐺𝑆𝑆,𝑗𝑗,𝑘𝑘𝑗𝑗𝑆𝑆 + 𝑅𝑅𝑇𝑇∑ ∑ 𝑎𝑎𝑠𝑠𝑦𝑦𝑆𝑆𝑠𝑠𝑇𝑇𝑛𝑛𝑦𝑦𝑆𝑆𝑠𝑠+𝐸𝐸𝐺𝐺𝑚𝑚𝑆𝑆𝑠𝑠  (6.17) 
𝐺𝐺𝑚𝑚𝐸𝐸 =  ∑ 𝑦𝑦𝑆𝑆𝐼𝐼𝑆𝑆 ∑ 𝑦𝑦𝑗𝑗𝐼𝐼𝐼𝐼𝑗𝑗 ∑ 𝑦𝑦𝑘𝑘𝐼𝐼𝐼𝐼𝐼𝐼𝑘𝑘 [∑ 𝑦𝑦𝑙𝑙𝐼𝐼𝑙𝑙>𝑆𝑆 ∑ 𝐿𝐿𝑆𝑆,𝑙𝑙:𝑗𝑗:𝑘𝑘𝜈𝜈𝜈𝜈 (𝑦𝑦𝑆𝑆𝐼𝐼 − 𝑦𝑦𝑙𝑙𝐼𝐼)𝜈𝜈 (6.18) 
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6.4. Modeling the U-Si Phase Equilibria 
Summarized in 6.1 are the phases, with their crystal structure, space groups, 
prototypes, composition, and the thermodynamic model of the U-Si phases studied in this 
work. The optimized parameters for the compounds and solid solutions are provided in 
Table 6.2, and the phase diagram is provided in Figure 6.1. 
Unlike the previous two models [21, 22], the liquid phase is modeled using the 
TSPIL model, where the first sublattice contains the U+4 and Si+4 cations and the second 
sublattice is occupied by a neutral vacancy.  
(𝑈𝑈+4, 𝑆𝑆𝑆𝑆+4)(𝑉𝑉𝐴𝐴)   (6.18)                                                                                         
This model was chosen because it is the mostly commonly used for modeling 
liquid phases and will therefore make incorporation of other elements into the U-Si 
database (example fission product) a straightforward process. The excess energy 





Table 6.1.  Phase, crystal structure, and thermodynamic model used in this work. 
 
iTSPIL is the two sublattice partially ionic liquid model. ST is stoichiometric compound 
and CEF is the compound energy formalism. R-K/Muggiaun is the one sublattice 
Redlich-Kister Muggiaun solution model. 
 
The  USi3, USi1.84, U68Si67, and U3Si compositions were modeled as 
stoichiometric phases. The USi phase was previously assessed with the FeB-type 
structure; however, neutron diffraction confirmed that the phase has a tetragonal structure 
with I4/mmm space group. Therefore, the phase was modeled to reflect this information. 
The recent enthalpy of formation data collected in 2018 [56] for the USi phase with 
tetragonal structure was used in the optimization. The composition of the USi2-x  phase 
was adjusted from USi1.88 to USi1.84 to reflect the experimental findings [26]. 
 The U3Si5 and U3Si2 phases were modeled as a solid solution using the CEF 
model. The U3Si2 phase was modeled with 3 sublattices (𝑈𝑈)3(𝑆𝑆𝑆𝑆)2(𝑆𝑆𝑆𝑆,𝑉𝑉𝐴𝐴). Originally, a 
four sublattice model was applied to the system based on Wyckoff positions of the atoms;  
however, the model was simplified by adding a third sublattice to its stoichiometric 
representation (i.e., (𝑈𝑈)3(𝑆𝑆𝑆𝑆)2(𝑆𝑆𝑆𝑆,𝑉𝑉𝐴𝐴)). This is justified as the nonstoichiometry in U3Si2 
is primarily driven by silicon interstitials defects (see Chapter 3). Modeling the phase in 
this manner will facilitate modeling incorporation of light elements that are known to 
dissolve in the U3Si2 lattice such as hydrogen and carbon forms a U3Si2X phase  (X= H or 







Liquid 0 to 100     TSPIL 
Bcc (U) 0 to 3 cI2 Im-3m Ab α-U CEF 
Tetragonal (U) 0 to 1 tP30 P42/mmm A2 Β-U CEF 
Orthorhombic (U) 0 oC4 Cmcm A20 W R-K/Muggianu 
Diamond (Si) 100 cF8 Fd-3m A4 C (Diamond) R-K/Muggianu 
U3Si (High T) 75 cP4 Pm-3m L12 Cu3Au ST 
U3Si (Low T) 75 tl16 I4/mcm ···· ···· ST 
U3Si2 ~40 to ~41.5 tP10 P4/mbm D5a U3Si2 CEF 
USi (U68Si67) ~50 ···· I4/mmm ···· USi ST 
U3Si5 ~61.5-~63 hP3 P6/mmm C32 AlB2 CEF 
USi1.84 64.5 tl12 I41/amd Cc ThSi2 ST 




C). All one would need to do is add these elements to the third sublattice. The model can 
also be expanded on the first and second sublattices, which will be useful for CALPHAD 
assessment of fission products with U3Si2 fuel.   
 The U3Si5 phase was also modeled using CEF model with 3 sublattices, 
(𝑈𝑈)3(𝑆𝑆𝑆𝑆)5(𝑆𝑆𝑆𝑆,𝑉𝑉𝐴𝐴). Although, this phase could have been modeled using 2 sublattices by 
using the relationship; U3Si5 = AlB2-type USi2-x, modeling with the three sublattice was 
simpler as there is the ThSi2-type USi2-x structure (i.e., USi1.84) close in composition to 
U3Si5, which makes the phase equilibria calculations more difficult.  
 
Figure 6.1. U-Si Phase Diagram calculated from optimization of available experimental 





Table 6.2. Optimized thermodynamic parameters for the U-Si system. 




𝑳𝑳𝑳𝑳𝑳𝑳 =  𝑮𝑮𝑼𝑼
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U3Si 𝑮𝑮𝑼𝑼𝟏𝟏𝑺𝑺𝑳𝑳 = 𝑮𝑮𝑼𝑼𝟏𝟏𝑺𝑺𝑳𝑳 − 𝟏𝟏°𝑯𝑯𝑼𝑼𝑺𝑺𝑺𝑺𝑺𝑺 − °𝑯𝑯𝑺𝑺𝑳𝑳𝑺𝑺𝑺𝑺𝑺𝑺




∆𝑯𝑯𝜶𝜶→𝜷𝜷 = 𝟏𝟏𝟐𝟐𝟏𝟏𝟏𝟏𝟏𝟏 @ 𝟏𝟏𝟏𝟏𝟒𝟒𝟏𝟏𝑲𝑲 
This work 
USi3 𝑮𝑮𝑼𝑼𝟏𝟏𝑺𝑺𝑳𝑳 = 𝑮𝑮𝑼𝑼𝑺𝑺𝑳𝑳𝟏𝟏 − 𝟏𝟏°𝑯𝑯𝑼𝑼𝑺𝑺𝑺𝑺𝑺𝑺 − °𝑯𝑯𝑺𝑺𝑳𝑳𝑺𝑺𝑺𝑺𝑺𝑺






6.5. Discussion of the U-Si Phase Equilibria   
 The U-Si phase equilibria was modeled using the CALPHAD methodology and 
for the first time the U3Si2 and U3Si5 phases were modeled as nonstoichiometric phases 




is compared to experimental data and calculated diagram by Berche el al [21]. The 
diagram is in good agreement with respect to melt point and the terminal solutions. Table 
6.3. provides the invariant reactions obtained from the optimized Gibbs energy and are 
compared to reported values.  
Table 6.3. Invariant reactions in the U-Si system calculated in the work and compared to 
literature values. 
Reaction Reaction Type Temperature (°C) 
Composition 
(at. %U) Reference 
𝑇𝑇𝑆𝑆𝑙𝑙𝑙𝑙𝑆𝑆𝑑𝑑 ↔ 𝑈𝑈3𝑆𝑆𝑆𝑆5 Congruent
ly melting 












𝛼𝛼𝑈𝑈3𝑆𝑆𝑆𝑆 ↔ 𝛽𝛽𝑈𝑈3𝑆𝑆𝑆𝑆 Allotropic 770 
770 
769.85 





















𝑇𝑇𝑆𝑆𝑙𝑙𝑙𝑙𝑆𝑆𝑑𝑑 ↔ 𝑈𝑈3𝑆𝑆𝑆𝑆2 Congruent
ly melting 
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𝑏𝑏𝑐𝑐𝑐𝑐 𝑈𝑈 + 𝛼𝛼𝑈𝑈3𝑆𝑆𝑆𝑆 ↔ 𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 𝑈𝑈 
 
 
𝑇𝑇𝑆𝑆𝑙𝑙𝑙𝑙𝑆𝑆𝑑𝑑 ↔ 𝑈𝑈3𝑆𝑆𝑆𝑆2 +  𝑈𝑈𝑆𝑆𝑆𝑆 
𝑇𝑇𝑆𝑆𝑙𝑙𝑙𝑙𝑆𝑆𝑑𝑑 ↔ 𝑑𝑑𝑆𝑆𝑎𝑎. 𝑆𝑆𝑆𝑆 
𝑇𝑇𝑆𝑆𝑙𝑙𝑙𝑙𝑆𝑆𝑑𝑑 ↔ 𝑏𝑏𝑐𝑐𝑐𝑐 𝑈𝑈 










































This work  
𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑎𝑎 𝑈𝑈 +  𝑈𝑈3𝑆𝑆𝑆𝑆2  ↔  𝑈𝑈3𝑆𝑆𝑆𝑆 Eutectoid 769.85 98.8 59.9 75 This work 





Figure 6.2. U-Si phase diagram calculated in the work (black) and super-imposed with 
the one from Berche et al. [21]. The markers are experimental point from [40, 36, 39, 22]. 
 Displayed in Figure 6.3 is a zoomed in region of the U3Si2 (a) and U3Si5 
(b) phases. The U3Si2 phase is modeled with a homogeneity range of U3Si1.95 to U3Si2.05, 
which is in agreement with the neutron and experimental results of this work; however, it 
disagrees with the work of Middleburg et al. [23] at low temperatures (I.e., any 
temperature below 1000 °C). Further experimental work is suggested on samples with a 
wider homogeneity range to determine the exact width of the solubility range. However, 
this work shows that modeling the U3Si2 phase with the 3 sublattice model is sufficient 
enough to mimic the experimental composition. Furthermore, it will serve as a starting 





Figure 6.3. Zoomed in region of the U3Si2 (a) and U3Si5 (b) phase regions. 
 Experimentally, it has been shown that the U3Si5 phase can exist between the  
62.5-63.4 at.% Si phase region; however, since it exists with an unknow phase, the exact 
composition of the phase is unknown. Although the phase diagram showed an overall 
good agreement with experimental data, the model for this phase could use further 
optimizing as the composition range (Figure 5) is narrower than the experimental 
composition. However, before further optimization of the phase, further experiments and 
computational analysis would prove useful for understanding the nature of the phase 




Table 6.4. Comparison of Enthalpies of formation for various U-Si phases. 
Phase ∆Hf (kJ/mol-atom) 298K Method References 
USi3 -33.02 ± 0.13 
-32.19 ± 0.84 
















USi2 -43.47 ± 0.42 
-42.64 ± 1.25 


















-43.8 ± 9.0 
Estimation 
Modelling 




USi -40.13 ± 0.84 
-43.47 ± 1.67 
-41.8 ± 4.18 
-42.22 
-41.18 
-43.2 ± 6.2 
-41.78 














U3Si2 -33.2 ± 3.1 
-33.86 ± 0.42 
-35.95 ± 3.34 
-34.11 
-34.32 
High Temp Drop calorimetry 





























7.1. Summary of Thesis 
The aim of this work was to develop a self-consistent thermodynamic database for 
the uranium-silicon system that can be used to predict silicide fuel behavior during 
normal or off-normal reactor operations, optimize fuel fabrication processes, and support 
licensing efforts. To achieve this, the 40-66 at.% Si region of the U-Si system had to be 
investigated for the phases, phase transitions, homogeneity ranges, and crystal structures. 
Going across the phase diagram from 40 at.% Si to 66 at.% Si, the following were found: 
• The U3Si2 phase exhibits a homogeneity range from room temperature to its 
melting point.  Experimentally, a hyperstoichiometric composition of U3Si2 was analyzed 
by neutron diffraction and was found to be a single phase from room temperature to a 
maximum temperature of 1100 °C. This nonstoichiometric sample had a composition of 
40.12 at.% Si and DFT predicted a stoichiometric deviation from U3Si1.95 to U3Si2.5. This 
data agrees with earlier claims of nonstoichiometry in U3Si2, and as such, a solid  solution 
model was used for describing the U3Si2 phase field during the CALPHAD assessment.  
• U5Si4 (P6/mmm space group) should not be considered as an equilibrium phase in 
the U-Si system. The phase could potentially be metastable with negative energy of 
formation located 2 meV above the U-Si convex hull and has a stable isostructural 
ternary phase, U20Si16C3 (P6/mmm). This suggests that the binary could be stabilized by a 
third element.  
• The crystal structure of the USi phase was confirmed as having a tetragonal 
supercell with an I4/mmm space group and invariant stoichiometry of USi0.99. 
• Above 450 °C, the U3Si5 phase was found to exhibit a homogeneity range.  Below 




phase was unclear and further work is suggested. Regarding the equilibrium phase 
diagram, it is recommended that this phase transition not be included until more 
knowledge is acquired. 
• The composition of the tetragonal α-USi2 phase was found to be ~USi1.84 after 
annealing for 72 hours at 1200 °C. It is to be reported as a line compound because any 
composition above 64.8 at.% Si exists as a two-phase region between USi1.84 and USi3 
• The stoichiometric USi2 phase was found to be metastable from both 
experimental and computational techniques, and as such, it is recommended that the 
phase not be a part of the U-Si equilibrium phase diagram. The AlB2-type USi2  phase 
was found to be dynamically stable and had a formation energy 2meV above the convex 
hull indicating that it could be formed experimentally if conditions are favorable. This 
serves as an explanation for the experimental inconsistency.  
Once the 60-66 at.% Si region was elucidated, a CALPHAD assessment was 
performed on the U-Si system that represented the U3Si2 and U3Si5 as solution phases. 
The Molar mass of USi and USi1.88 were adjusted to represent change in composition, 
U68Si67 and USi1.84, respectively. Finally, the U5Si4 and USi2 phases were not included in 
the assessment.  
A thermodynamic database for the U-Si phase containing the optimized 
parameters has been developed and an overall good agreement between the calculated 
diagram and the experimental phase diagram data was achieved. Representing the U3Si2 
phase as a 3 sublattice model accurately accounts for Si interstitial defects, which are the 




7.2. Suggested Future Work and Areas of Improvement  
• Experimentally determine the exact width of the U3Si2 homogeneity range as a 
function of temperature. This will help during fabrication of the fuel as the minimum 
amount of excess Si to be added to the sample and still retain single phase after 
fabrication process could be predicted. 
• From this work it was shown that having excess Si can affect its coefficient of 
thermal expansion. This warrants future investigation as the current results indicate that 
thermal stresses due to CTE mismatch may occur if the local chemistry changes, which 
could be detrimental for the application in fuel pellets.  
• Understanding the nature of the secondary phase in U3Si5 is critical to 
understanding that composition region. During all of this work, a transition from U3Si5 to 
USi1.84 was never observed even though samples were prepared in the “two phase” 
region. Figuring out when and where the transition occurs will be helpful for further 
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Appendix A: Representative SEM Backscatter Images Showing EDS Sample Area  
 
 
Figure A.1. SEM image with EDS points and associated spectra for the 48hr annealed 45.83 at.% Si sample. 
Image Name:          Base(14) 
Image Resolution:  512 by 384 
Image Pixel Size:  0.67 µm 
Acc. Voltage:  20.0 kV 
Magnification:  810 



























Figure A.2. SEM image with EDS points and associated spectra for the 48hr annealed 62.69 at.% Si sample. 
Image Name: Base(23) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.70 µm 
Acc. Voltage: 20.0 kV 
Magnification: 780 





Figure A.3. SEM image with EDS points and associated spectra for the 48hr annealed 62.32 at.% Si sample.
Image Name: Base(30) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.41 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1338 





Figure A.4. SEM image with EDS points and associated spectra for the 72hr annealed 62.32 at.% Si sample.
Image Name: Base(40) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.35 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1538 





Figure A.5. SEM image with EDS points and associated spectra for the 48hr annealed 62.85 at.% Si sample.
Image Name: Base(5) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.38 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1412 





Figure A.6. SEM image with EDS points and associated spectra for the 72hr annealed 63.04 at.% Si sample.
Image Name: Base(23) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.27 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1999 





Figure A.7. SEM image with EDS points and associated spectra for the 48hr annealed 63.05 at.% Si sample.
Image Name: Base(12) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.44 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1234 





Figure A.8. SEM image with EDS points and associated spectra for the 72hr annealed 64.82 at.% Si sample.
Image Name: Base(6) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.23 µm 
Acc. Voltage: 20.0 kV 
Magnification: 2347 





Figure A.9. SEM image with EDS points and associated spectra for the 48hr annealed 65.17 at.% Si.
Image Name: Base(11) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.36 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1506v 





Figure A.10. SEM image with EDS points and associated spectra for the 72hr annealed 64.63 at.% Si sample.
Image Name: Base(8) 
Image Resolution: 512 by 384 
Image Pixel Size: 1.15 µm 
Acc. Voltage: 20.0 kV 
Magnification: 473 





Figure A.11. SEM image with EDS points and associated spectra for the 48hr annealed 66.43 at.% Si sample.
Image Name: Base(12) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.26 µm 
Acc. Voltage: 20.0 kV 
Magnification: 2070 





Figure A.12. SEM image with EDS points and associated spectra for the 48hr annealed 66.83at.% Si sample.
Image Name: Base(4) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.50 µm 
Acc. Voltage: 20.0 kV 
Magnification: 1076 





Figure A.13. SEM image with EDS points and associated spectra for the 96hr annealed 73.51 at.% Si sample. 
Image Name: Base(6) 
Image Resolution: 512 by 384 
Image Pixel Size: 0.27 µm 





Appendix B: GSAS_ANALYZE 
#!/bin/bash 
let n_bank=5 #Loading the 5 histograms from HIPPO detector. let n_phase=1 
#Number of phases expected to be in the sample. first_run = "U3Si2p01_up_0030C" 
#First measurement taken. echo "This will analyze run $1 with $n_bank histograms" if 
["$1" == "$first_run"]; then echo "Analyzing the first run!" #exit. 
Gsas_initialize. Gsas_read_phase "U3Si2_31648.exp". #read -p "after phases". 
#Starting refinement program, #Reading the expected phase and waiting before 
continuing. 
For (( bank=1; bank<=$n_bank; bank++ )); do gsas_add_histogram $1.gda 
hippo_sc_151026_5rings.prm $bank 0.5 3.5. Done. #read -p "after histograms". Adding 
the data and reading peaks between .5 and 3.5 d-spacing.  
#Adding an extra Si atom and varying the weight frac. Gsas_add_atom 1 "Si 0.5 
0.50 0.47580 0.01 Si2 i 0.02". Gsas_change_atom 1 3 FRAC 1.0. Gsas_constrain_atom 1 
FRAC 3 4. Gsas_constrain_atom 1 UISO 3 4. Gsas_refine 60 #noplot. #read -p "after 
contrain fraction Si". #Adding an excess Si to the hyperstoichiometric sample, 
constraining silicon atom motion (of the added and regular), making sure site fractions 
are correct, and plotting the data after 60 cycles.  
#Allowing silicon site occupancy refinement. For ((phase=1; phase<=$n_phase; 





Changing all atoms thermal motion to 0.01 before refinements. For (( phase=1; 
phase<=$n_phase; phase++ )); do: Gsas_change_atom $phase 1:99 UISO 0.01done. 
#read -p "after changing atoms Uiso. " 
#Exclude peak from HIPPO background. Gsas_exclude_region 1 15.1 18. #Refine 
backgrounds for all 5 histograms using 12 background coefficients. For (( bank=1; 
bank<=$n_bank; bank++ )); do: Gsas_change_background $bank 1 12. Done. 
Gsas_refine 20 #noplot. #read -p "after background". 
#Refining the lattice parameters. For (( phase=1; phase<=$n_phase; phase++ )); 
do: Gsas_vary_lattice $phase y. Gsas_refine 40 noplot # read -p "wait after lattice phase 
$phase". Done. 
Converting from tof to d-spacing. For (( bank=2; bank<=$n_bank; bank++ )); do: 
Gsas_vary_DIFC $bank. Done. Gsas_refine 30 #noplot. #read -p "wait after DIFC”. 
#Refining both atom positions and thermal motion. For (( phase=1; 
phase<=$n_phase; phase++)); do. Gsas_vary_atom $phase 1:99 u 9. Gsas_vary_atom 
$phase 1:99 x 9. Done. Gsas_refine 60 #noplot. #read -p "After Uiso and atomic 
position". 
Fixing the atom positions and thermal motion. For (( phase=1; phase<=$n_phase; 
phase++ )); do. Gsas_vary_atom $phase 1:99 -u. Gsas_vary_atom $phase 1:99 -x. Done. 
Gsas_refine 80 #noplot. #read -p "After Uiso and atomic position fixed". 
Vary absorption for all banks. For (( bank=1; bank<=$n_bank; bank++ )); do. 





#Refining both atom positions and thermal motion. For (( phase=1; 
phase<=$n_phase; phase++)); do. Gsas_vary_atom $phase 1:99 u 9. Gsas_vary_atom 
$phase 1:99 x 9. Done. Gsas_refine 60 #noplot. #read -p "After absorption, Uiso and 
atomic position". 
#Vary peak width. For (( phase=1; phase<=$n_phase; phase++ )); do. For (( 
bank=1; bank<=$n_bank; bank++ )); do. Gsas_vary_sigma1 $bank $phase y. Done. 
Gsas_refine 60 #noplot. #read -p "After sigma's phase $phase". Done.  
#Changing from isotropic thermal motion to anisotropic thermal motion and 
refine. For ((phase=1; phase <= $n_phase; phase++)); do. Gsas_convert_atom_thermal 1 
1:99 a. Gsas_vary_atom $phase 1:99 u 5. Done. Gsas_refine 60 #noplot. #read -p "After 
anisotropic thermal motion".  
# Fix stuff for following analyses. For (( bank=1; bank<=$n_bank; bank++ )); do. 
Gsas_vary_absorption $bank 1 n. Done. For (( bank=2; bank<=$n_bank; bank++ )); do: 
Gsas_vary_DIFC $bank ". Done. Gsas_refine 60 #noplot. #read -p "After fixing". Else; 
echo "analyzing NOT the first run!". # process empty runs. Echo "Copying EXP file from 
$first_run". #read -p "wait BEFORE copy". Gsas_copy_expfile $first_run $1 "$1" echo 
"Copying from run $first_run EXP file". Gsas_replace_histogram. $First_run.gda $1.gda. 
#read -p "After replacing". 
# Fix all parameters. For (( phase=1; phase<=$n_phase; phase++ )); Do. 
Gsas_vary_lattice $phase n. Gsas_vary_phase $phase n. For (( bank=1; bank<=$n_bank; 
bank++)); do. Gsas_vary_sigma1 $bank $phase n. Done. Gsas_vary_atom $phase 1:99 -
u. Gsas_vary_atom. $phase 1:99 -x. Done. Gsas_refine 60. #read -p "After fixing all". # 




40 #noplot. For (( bank=1; bank<=$n_bank; bank++ )); do. Gsas_vary_sigma1 $bank 1 
y. Done. Gsas_refine 80 #noplot. For (( phase=1; phase<=$n_phase; phase++ )); do. 
Gsas_vary_atom $phase 1:99 u 9. Gsas_vary_atom $phase 1:99 x 9. Done. Gsas_refine 




Appendix C: Phase Diagram Dat File 
 
System U-Si 
    2    8    4    2    2    2    2    2    2    2   10 
 U                        Si 
   238.02891000              28.08550000 
   6   1   2   3   4   5   6 




   1  4    0.0    1.0 
  2000.0000      444169.77     -27.950710     -21.040970     0.37970425E-03 
 -.97340717E-07 -61797.200 
  5500.0000      437545.35     -12.950491     -22.564800     -.24289640E-03 
 0.11169705E-07  2760718.5 
  10000.000      405256.15      76.266021     -33.145570     0.12877205E-02 
 -.30010733E-07  21167395. 
  10000.000      422452.23      9.3735997     -24.974252         0.00000000 
     0.00000000     0.00000000 
 Si2 
   1  3    0.0    2.0 
  2600.0000      572963.74      3.7111161     -35.983200     -.94063000E-03 
 -.48402150E-07  12476.050 
  6000.0000      609343.92     -151.77504     -16.361020     -.57112950E-02 
 0.17275433E-06 -12777080. 
  6000.0000      544478.99      108.41160     -48.291462         0.00000000 
     0.00000000     0.00000000 
 Si3 
   1  4    0.0    3.0 
  700.00000      611231.76      46.355823     -46.874010     -.17345930E-01 
 0.35363150E-05  194880.60 
  2400.0000      604474.52      159.23636     -64.544620     0.19320005E-02 
 -.23803867E-06  630559.00 
  6000.0000      613241.60      78.626845     -53.455280     -.27577635E-02 
 0.92751050E-07  606517.00 
  6000.0000      594503.37      181.87245     -66.480520         0.00000000 
     0.00000000     0.00000000 
 U 
   1  6    1.0    0.0 




 -.24332800E-05  151130.00 
  2100.0000      541065.13     -173.69318     -5.3360000     -.72361500E-02 
 -.43060000E-07 -2072960.0 
  4500.0000      605452.66     -512.54234      38.748000     -.20807900E-01 
 0.75045000E-06 -19886375. 
  9200.0000     -41328.166      1300.2909     -176.85600     0.11366400E-01 
 -.15617833E-06 0.34654725E+09 
  12000.000      410972.67      537.32461     -92.012000     0.43702000E-02 
 -.49003333E-07 -99572850. 
  12000.000      668379.48     -13.914555     -30.849036         0.00000000 




   4  2    0.0    1.0 
  1687.0000      42533.751      107.23742     -22.831753     -.19129040E-02 
 -.35520000E-08  176667.00 
 1 0.20930700E-20   7.00 
  3600.0000      40370.524      137.82230     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 U+4//Va 
   1  2    1.0    0.0 
  955.00000      3947.7660      120.63125     -26.918200     0.12515600E-02 
 -.44260500E-05  38568.000 
  3600.0000     -10166.300      281.79719     -48.660000         0.00000000 
     0.00000000     0.00000000 
   2   1 
 Si+4                     U+4 
 Va 
   1 
  4.00000      4.00000 
  1.00000 
   1   2 
   1   1 
   3 
   1   2   3   3 
 -185536.75      26.417124         0.00000000     0.00000000     0.00000000 
     0.00000000 
 -98477.584      52.787132         0.00000000     0.00000000     0.00000000 
     0.00000000 
  47133.465     -18.999000         0.00000000     0.00000000     0.00000000 
     0.00000000 






  1.00000     0.400000 
 Si//Va 
  16  3    0.0    1.0 
  1687.0000      41837.391      114.21589     -22.831753     -.19129040E-02 
 -.35520000E-08  176667.00 
 1     0.00000000   0.00 
  3600.0000      40542.360      144.26039     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000      40538.221      144.27000     -27.197035         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
     0.000000     0.000000 
 U//Va 
  13  2    1.0    0.0 
  1049.0000     -752.76700      131.53810     -27.515200     -.83559500E-02 
 0.96790700E-06  204611.00 
  3600.0000     -4698.3662      202.68564     -38.283600         0.00000000 
     0.00000000     0.00000000 
     0.000000     0.000000 
   2 
  1.00000      3.00000 
   2   1 
 Si                       U 
 Va 
   1   2 
   1   1 
   0 
   3 
   1   2   3   1 
 -96136.807         0.00000000     0.00000000     0.00000000     0.00000000 
     0.00000000 




   4  3    0.0    1.0 
  1687.0000     -3162.6082      137.13686     -22.831753     -.19129040E-02 
 -.35520000E-08  176667.00 
 1     0.00000000   0.00 
  3600.0000     -4457.6394      167.18136     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  6000.0000     -4461.7785      167.19098     -27.197035         0.00000000 
     0.00000000     0.00000000 





   1  2    1.0    0.0 
  941.50000     -5156.1360      106.97632     -22.841000     -.10844750E-01 
 0.27889000E-07  81944.000 
  6000.0000     -14327.310      244.16802     -42.927800         0.00000000 
     0.00000000     0.00000000 
   1 
  1.00000 
   2 
 Si                       U 
   1   2 
   2 
   1   2   1 
 -78915.524         0.00000000     0.00000000     0.00000000     0.00000000 
     0.00000000 




   1  2    1.0    0.0 
  955.00000      23453.166      130.75515     -26.918200     0.12515600E-02 
 -.44260500E-05  38568.000 
  4000.0000      9339.1005      291.92109     -48.660000         0.00000000 
     0.00000000     0.00000000 
 Si_(DIAM) 
   4  3    0.0    1.0 
  1687.0000     -8162.6082      137.13686     -22.831753     -.19129040E-02 
 -.35520000E-08  176667.00 
 1     0.00000000   0.00 
  3600.0000     -9457.6394      167.18136     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  4000.0000     -9461.7785      167.19098     -27.197035         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
   2 
   1   2   1 
 -100000.00     -18.000000         0.00000000     0.00000000     0.00000000 
     0.00000000 




   1  2    1.0    0.0 
  955.00000     -8407.7336      130.95515     -26.918200     0.12515600E-02 




  3600.0000     -22521.800      292.12109     -48.660000         0.00000000 
     0.00000000     0.00000000 
 Si 
   4  3    0.0    1.0 
  1687.0000     -8158.4082      137.13686     -22.831753     -.19129040E-02 
 -.35520000E-08  176667.00 
 1     0.00000000   0.00 
  3600.0000     -9453.4394      167.18136     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000     -9457.5785      167.19098     -27.197035         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
   2 
   1   2   1 
 -78590.000      13.250000         0.00000000     0.00000000     0.00000000 
     0.00000000 




   4  4    3.0    3.0 
  955.00000     -248649.89      742.87429     -139.24986     -.19840200E-02 
 -.13285254E-04  489705.60 
 1     0.00000000   0.00 
  1687.0000     -300874.97      1305.1700     -214.47526     -.57387000E-02 
 -.10655351E-07  530001.30 
 1     0.00000000   0.00 
  6000.0000     -304760.11      1395.3036     -227.56800         0.00000000 
     0.00000000     0.00000000 
 1 -.12611077E+32  -9.00 
  6001.0000     -304748.12      1395.2842     -227.56600         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 U//Si//VA 
   4  4    3.0    2.0 
  955.00000     -227835.75      595.69345     -120.91181     -.71120000E-04 
 -.13285869E-04  469038.50 
 1     0.00000000   0.00 
  1687.0000     -275435.39      1122.4785     -191.64351     -.38258000E-02 
 -.71035673E-08  353334.20 
 1     0.00000000   0.00 
  6000.0000     -278025.48      1182.5675     -200.37200         0.00000000 
     0.00000000     0.00000000 
 1 -.84073849E+31  -9.00 




     0.00000000     0.00000000 
 1     0.00000000   0.00 
   3 
  3.00000      2.00000      1.00000 
   1   1   2 
 U 
 Si 
 Si                       VA 
   1   1 
   1   1 
   1   2 
   4 
   1   2   3   4   2 
  1000.0000     -10.245000         0.00000000     0.00000000     0.00000000 
     0.00000000 
  32023.000      58.323200         0.00000000     0.00000000     0.00000000 
     0.00000000 




   1  2    3.0    3.0 
  3600.0000     -236992.60      613.12997     -104.86912     -.20285020E-02 
 -.92278400E-10  841010.00 
  3600.0000     -262364.75      731.53243     -119.35172         0.00000000 
     0.00000000     0.00000000 
 U//Si//VA 
   1  2    3.0    5.0 
  3600.0000     -443035.72      1352.4625     -238.29540     -.53534400E-02 
     0.00000000  2334672.0 
  3600.0000     -509822.22      1664.6029     -276.47988         0.00000000 
     0.00000000     0.00000000 
   3 
  3.00000      5.00000      1.00000 
   1   1   2 
 U 
 Si 
 Si                       VA 
   1   1 
   1   1 
   1   2 
   4 
   1   2   3   4   3 
  5000.0000     -205.29700         0.00000000     0.00000000     0.00000000 
     0.00000000 




     0.00000000 
  98000.000      9.2150000         0.00000000     0.00000000     0.00000000 
     0.00000000 
   0 
 USi3_L12_USi3(s) 
   4  5    1.0    3.0 
  955.00000     -164513.34      529.92965     -95.413460     -.44871520E-02 
 -.44367060E-05  568569.00 
 1     0.00000000   0.00 
  1687.0000     -178627.41      691.09559     -117.15526     -.57387120E-02 
 -.10656000E-07  530001.00 
 1     0.00000000   0.00 
  3000.0000     -182512.50      781.22910     -130.24800         0.00000000 
     0.00000000     0.00000000 
 1 -.12611070E+32  -9.00 
  3600.0000     -36532.501      342.97926     -81.588000         0.00000000 
     0.00000000     0.00000000 
 1 -.12611070E+32  -9.00 
  3600.0000     -36544.918      343.00809     -81.591104         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 SiU3_D0C_U3Si_(Low_Te(s) 
   4  5    3.0    1.0 
  955.00000     -133027.15      518.11141     -103.55635     0.18417760E-02 
 -.13281702E-04  292371.00 
 1     0.00000000   0.00 
  1687.0000     -175398.00      1001.8451     -168.81175     -.19129040E-02 
 -.35520000E-08  176667.00 
 1     0.00000000   0.00 
  3000.0000     -176693.03      1031.8896     -173.17600         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000      261246.97     -282.85994     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000      261242.83     -282.85033     -27.197035         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 SiU3_L12_U3Si_(High_(s2) 
   4  5    3.0    1.0 
  955.00000     -125026.15      510.44027     -103.55635     0.18417760E-02 
 -.13281702E-04  292371.00 
 1     0.00000000   0.00 
  1687.0000     -167397.00      994.17395     -168.81175     -.19129040E-02 
 -.35520000E-08  176667.00 




  3000.0000     -168692.03      1024.2185     -173.17600         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000      269247.97     -290.53108     -27.196000         0.00000000 
     0.00000000     0.00000000 
 1 -.42036900E+31  -9.00 
  3600.0000      269243.83     -290.52147     -27.197035         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 U3Si2_S1(s) 
   4  4    3.0    2.0 
  955.00000     -41548.419      667.33917     -126.41811     -.71120000E-04 
 -.13285254E-04  469038.50 
 1     0.00000000   0.00 
  1687.0000     -83890.617      1150.8370     -191.64351     -.38258000E-02 
 -.71035673E-08  353334.20 
 1     0.00000000   0.00 
  6000.0000     -86480.706      1210.9260     -200.37200         0.00000000 
     0.00000000     0.00000000 
 1 -.84073849E+31  -9.00 
  6001.0000     -86480.787      1210.9262     -200.37201         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 U12Si22_ThSi2-USi1.84(s) 
   4  5   12.0   22.0 
  955.00000     -1815806.0      4545.6033     -827.23024     -.35141684E-01 
 -.53190886E-04  4356556.7 
 1     0.00000000   0.00 
  1687.0000     -1976923.6      6456.4529     -1087.1318     -.42160404E-01 
 -.78286080E-07  3893740.7 
 1     0.00000000   0.00 
  3000.0000     -2005466.1      7118.6338     -1183.3198         0.00000000 
     0.00000000     0.00000000 
 1 -.92649328E+32  -9.00 
  3600.0000     -837626.07      3612.6350     -794.03984         0.00000000 
     0.00000000     0.00000000 
 1 -.92649328E+32  -9.00 
  3600.0000     -837717.30      3612.8468     -794.06265         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 U68Si67_tP138_USi(s) 
   4  5   68.0   67.0 
  955.00000     -6759786.7      17484.477     -3370.1651     -.22558488E-01 
 -.30133333E-03  14459313. 
 1     0.00000000   0.00 




 -.23798400E-06  11836689. 
 1     0.00000000   0.00 
  3000.0000     -7815240.8      30416.941     -5131.0120         0.00000000 
     0.00000000     0.00000000 
 1 -.28164723E+33  -9.00 
  3600.0000     -7815240.8      30416.941     -5131.0120         0.00000000 
     0.00000000     0.00000000 
 1 -.28164723E+33  -9.00 
  3600.0000     -7815518.2      30417.585     -5131.0813         0.00000000 
     0.00000000     0.00000000 
 1     0.00000000   0.00 
 Si_solid(s)             # 
   1  3    0.0    1.0 
  1685.0000     -8156.5395      137.08626     -22.809187     -.19353432E-02 
     0.00000000  176496.04 
  2500.0000     -7247.8181      131.65735     -22.103566     -.21078338E-02 
     0.00000000     0.00000000 
  2500.0000     -20421.779      214.11629     -32.642735         0.00000000 
     0.00000000     0.00000000 
 U_Solid-A(s)            # 
   1  2    1.0    0.0 
  942.00000     -8407.7857      130.87411     -26.919856     0.12510160E-02 
 -.44263233E-05  38492.800 
  5000.0000     -17115.788      247.03511     -42.927840         0.00000000 
     0.00000000     0.00000000 
 U(s)                    # 
   1  1    1.0    0.0 
  6001.0000         0.00000000     0.00000000     0.00000000     0.00000000 
     0.00000000     0.00000000 
 Si(s)                   # 
   1  1    0.0    1.0 
  6001.0000         0.00000000     0.00000000     0.00000000     0.00000000 
     0.00000000     0.00000000 
